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INVESTIGATION OF STEEL RIGID ) FRAMES 


Y INGE LYSE, AM. Soc. C. AND W. EI BLACK;’ LACK,? 


JuN. AM. Soc. C. EO 


SYNOPSIS 
7 ‘ests 0 on two riveted-steel, rigid- frame models (scale, 4 to 1) are described in 


this ps paper i Ino one fr: frame, the knee sec sections were approximately myname, , having» 
a sharp reentrant angle at the inner nner corner. The « other frame had a large” 


circular fillet s at the inside | corner of the knee. The frames were tested chiefly a as 
two- hi aged structures under wor king loads. 
wo-hinged str rorki 
Ing general, the structural behavior of the two rigid frames was in accordance 
with conventional theory. , At the knees of both f frames, however, the normal 


stress distribution departed markedly: from the usual straight-lin line relationship. 
- In the aynane knee, a concentration of stress existed at the inner corner but was 
found to be of minor importance. - In the curved knee, compressive stresses in 


the flange of the curved fillet were re considerably g greater — those ee by 
either r the straight-beam o or the curv rved-beam theories. 7 _ Furthermore, a a trans- 


iv erse variation of the stress in the. outstanding. legs « of th the ¢ curved flange angles 

‘increased the high compressive stresses in the curved knee. | On: the basis of the 

test results, recommendations or the analysis and design of each type of rigid 
frame have been made and are herewith. 


INTRODUCTION 


‘During the decade 1925-1985 5 there was @ growing appreciation of the many 


tructural and esthetic advantages of the Tigid-frame type of construction, 
particularly as applied to Sshort- span bridges. However, due to the lack of 


available information regarding the stress distribution in this type of structure, 
y at the knee section, the steel rigid fr frame has been viewed with some Eo 


concern by many engineers. 


d -Norg.—Written comments are invited for immediate publication; to insure publication the Tost 
discussion should be submitted by March 15,1941. 


1 Prof., Reinforced Concrete and Solid Bridges, Inst. of Technology, teenie, Norway; formerly 
: Rewer Prof. of Eng. Materials, Lehigh Univ., Bethlehem, Pa. 


Dept. of Theoretical and Applied Mechanics, Univ. of Illinois, ; formerly in, Inst. 
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Univ., Beth! 
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STEEL RIGID ‘FRAMES 


In order to remedy this situation, the American Institute of Steel Construc- 
tion (A. I. 8. C. ) initiated two experimental investigations of the structural 
of steel rigid frames. One was conducted on rigid-frame knee sections 
bl the National Bureau of Standards at W ashington, D. C. ;3-4.5 and the second 


"complete ons one- quarter size models, and was as made possible by the establishment 
of a cooperative research fellowship by the A. I. S. C. and Lehigh University at 
“the Fritz Engineering: Laboratory, Bethlehem, Pa, 


In the investigation conducted at the National Bureau of Standards, the 

primary purpose was to determine the | stress distribution at the knee section. 

_ At Lehigh University, two ) complete rigid- frame models were tested to secure a 

check upon the stress distribution obtained by the > testing of knee Specimens 
only, : and also to permit the observation of other important data regarding the 
frame as a whole. _ The focal point of interest was the knee section, although | 


such subjects as movement of foundations and accuracy of conventional 


of analysis and design were also studied. ied 
TEsT PROGRAM © 


The investigation was planned with the view of f studying t the behavi ior r of 


the frames when hinged at the supports. ‘The test program was laid out with | 
the following objectives in in ‘mind: 


lh . Determination of stress distribution in the knee section (1—principal 
stresses and maximum shears, 2—normal nal stresses: and shears on arbitrary 
--sections); 
ae: B. Effect « of the stress distribution in the knee upon | the behavior of the 
frames as a whole — on horizontal reaction, —on stresses away from the 
knee, and 3—on deflections); _ 
+ C. Effect of simulated foundation 1 slippage (1—on ae reaction, 2 2—on 


_ stresses away from the knee, and 3—on deflections) ; we 


oa 7: In order to compare the results of this investigation with similar tests at at 
the National Bureau of Standards,® 45 the shapes of the knee sections of the 


— two- ‘model frames were made respectively similar to two of the specimens 


‘The chief point of difference between the two models was the shape of the 


knee. _ One, referred to as the square-knee frame, had a sharp r reentrant t angle 


of slightly more than 90° at the inside . corner of the knee; whereas the other, — 7 


designated as the curved- knee frame, had a large circular fillet at the 2 inside « of 
_ the knee. The details of the two vo frames are shown in Fig. 1. | The method 


: 3‘*Strength of a Riveted Steel mild Frame Having Straight Flanges,’’ by Ambrose H. Stang, Martin 
Greenspan, and William R. Osgood, M. Am. Soc. C. E., Research Paper No. 1130, Journal of | Research, 


National Bureau of Standards, Vol. 21, on p. 269. aad ae 


__ 4Strength of a Riveted Steel Rigid Frame Having a Curved Inner Flange,” by Ambrose a. Stang, 

: Martin Greenspan, and William R. Osgood, Research Paper No. 1161, loc. cit.,p.8538. 7 

= Pe 6 No. 1224 toe aW us Vol Steel Rigid Frame,” by Ambrose H. Stang and Martin Greenspan, Research 
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EEL RIGID FRAMES) 


Distance Back to 


Back of Angles 


Symmetrical About 
Center Line 


SECTION | 


(a) SQUARE KNEE FRAME 


AS 


18! ou Back to to Back of Angles Clear Span 


“Distance | Back to 
Back of Angles 17.5" 11.5" 7.75" 6.25" 
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Center Line’ 
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STEEL RIGID FRAMES 


of fabricating the square knee, showing ‘that the web does not extend through 
the vertical section at the inside corner of the knee, is illustrated in Fig. 2. 


size of the models ° was to fit the testing available, and the 


The: square-knee frame (Fig. 1(a)) was considered to be reduced from an Zz 
imaginary prototype with a clear span of 72 ft and was as the middle 


spaced 1 15 ft apart, with framed 
beams and stringers” sup- 

porting a 36-ft roadway w — 

an H-20 loading. linear 
dimensions of the ‘model were 


one fourth and the cross-sec- | 


1 — tional areas approximately one 


Against Column type. The curved-knee frame 
Web 


(Fig. -1(0)) was 1 later designed 
for the same conditions. 
Ps Due to the : small size of the 


‘Rie. 2. —Fannicatton Derarts OF A Squane-Kuzs FRaMs frames, it was considered 


have them f abri- 


Bethlehem Fence Works, in Bethlehem, and the curved-kne -knee frame by the 
Allentown Iron Works, in Allentown, Pa. 

general, the workmanship of t the two frames was satisfactory. Over- -all 
dimensions and depths of the sections were re sufficiently accurate to permit us use of _ 


_ the nominal values in all but a few instances. One objectionable featu 


TABLE 1— TENSILE TEsTs OF STEEL 


= 
4 Srangens IN ares PER 1 IN Kase PER 


—— tion in 


Modulus of ‘Yield Tensile | Modulus of “Yield Tensile 
elasticity point strength elasticity Point || etrength 


ordinary structural ‘shop. ‘the square- “was fabricated by, the 


43.1 | e27 | — 1 | 29370 | 305 | 593 | 300 
28,570 45.8 S44 22.0 636 15.70 


© Kips = “‘kilo-pounds” = thousand pounds b’No definite ield oint. ‘Mie 


Sound, in square- -knee At the intersection of the com-— 
pression at both knees, where tight should be 
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— Loading A .—The frames were tested in a 300,000-lb machine teens 
a2! 21-ft beam which provided an excellent base on which to set the 18-ft models. _ 
~The load wa was transferred from the movable head of the testing machine to two 


fixed load on the frames: by a a system of bars and as 


two column bases in all of the reaction and 
the span length of the frame, the onde of the tie bar were threaded and fitted © 
with nuts. Rollers under one of the column bases insured that only a negligible 
amount of friction might affect the horizontal reaction. The tie-bar attach- 
and rollers a are shown in Figs.3and4. 
In order to prevent lateral buckling or or twisting of the flexible horizontal 
girder, trussed frames were built 1 up from the testing machine at midspan, and 
a inside the inner face of each column, as shown in Fig. 3. a The frame had - 


tendency to bear against all of these lateral supports und under | load; but only at the 


eee ( FRAMES 7 

: —— legs of the girder flange angles. Thus, a loose fit was eliminated ; a 
of the material in the two frames are givenin Tablel. 
| —— 
re 

— 
| 
q 
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center was there any appreciable deflection where fr ictional resistance to 


‘eal movement might be developed. = Comparative tests, with and without the 
ee support, gave practically iden- 


tical “results, so the frictional re- 
‘straint was considered negligible. 
ae For the most part the rigid frame 
were tested as two- o-hinged 
frames. Therefore, ‘the apparatus 
shown in Fig. 4 was developed to 
provide a point beari ing x for the frame 
supports and at the same time trans- 
mit the horizontal reaction to the tie 
bar. bearing a area of the ; pin 
wast alw ays less than 1 in. wide, which 
as. sufficiently small the 


sumption of of a point support. 
was also considered worth 
while to inv estigate how much 


straining moment was produced by 
the base w hen the frame rested upon 


this condition, the two sets 
apparatus shown in Fig. 5 were 


“developed (the frame proper is indicated by the shaded areas) . Since) the two 


| gave identical results, Base No. 2 was used in most tests. verve 
aa Observations and Test Data; Loading. —In all tests the total load was one kip 
—, 000 Ib) | for the zero condition and s kips for the working condition, giving 


a working 1 range . of 12 kips. ys. Fi ig. . 1 shows the location of the load points, 
In some of the early | tests, the working load was applied in two equal inere- 


“ments, but for the most part it was found convenient to apply. the load in . only 


/- one > increment. For the purpose of checking in the latter case, each loading 


was alwaysrepeated. 


Str ress Distribution: at Knee  Sections.—To determine the state of stress at 


each g “gage point on the web, three strain readings (horizontal, verti tical, — 
inclined at 45° ) were observed. Stresses we were obtained from the observed 


strains by the graphical method developed by W. R. Osgood, M. Am. Soe. 
C. E, , and R. . G. Sturm,* . Assoc. M. Am. Soc. C. E . At each flange gage 
‘point, only the strains parallel to the longitudinal dimension of the flange were 7 
: observed, as the | transv erse stresses in the flange may generally be considered — 

os negligible. WwW herever possible, flange strains were observed at both heel yore 
toe o of the outstanding legs of the angles and on the edge of the web. 7 At all 


gage points, strains were observed simultaneously on both sides of the frame 


6“The Determination of Stresses from Strains on Three Intersecting Gage Lines and Its 


- to Actual Tests,’’ by William R. Osgood and R. G. Sturm, Research Paper No. 559, Journal of in ol 
National Bureau of Standards, Vol. 10, 1933. 
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in order to eliminate the effect of lateral bending. 7 
made with tensometers having 1-in. gage lengths. With these instru- 
- ments, stresses could be. obtained within an expected accuracy of 300 lb per 


The instruments were held in position on the bane _ by means of 


7 


For Span Control 


Fic. | 5.—Fuat Base Dara AILS 


din. bolts and holes tapped i in 1 the web. as desirable to keep the number 


of holes at a minimum, only three strain readings w were observed at each point. 
| _ Instead of the check usually obtained by the fourth reading, a repetition was 


made of each loading and observation. — The tensometer attachments for web 
and flange strain measurements are shown i in Figs. 3 and 6. 


4 oT hree complete sets of stress-distribution data were obtained for the square- 


knee frame, one set for each knee of the frame at normal span length, and one 
for the east knee with the supports allowed to move outward { in. under load. 
In general, the results for the two knees were so similar that the data from 


only one are presented herein. _ The variation of distribution due to mov ement 
the supports is discussed in another section. 


the curved-knee frame (see Fig. two complete sets of stress- 


distribution data were observed, of which only one is presented herein, for the 
reason given i in the preceding paragraph. The bases were maintained at the — 


normal distance apart for these tests. 
_ From the strains observed at at each gage point on the web of each rigid- 


frame knee, principal stresses and maximum shearing stresses were determined | 
- graphically by the method mentioned previously. On the backs of the flanges 
longitudinal strains only were observed, from which stresses were computed 


directly. The values of principal stresses and maximum shearing stresses are 7 
indicated by lines of equal. stress (contour lines) for the square knee in Fig. 8(a), _ 


nd for the curved knee i in ‘Fig. 8(0). _ The « directions and approximate magni- 
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STEEL RIGID FRAMES | 


t tudes of the principal stresses at each of 1 the e gage points are also a" 2 in 

diggrams, 

4 In the square- -knee frame the knee joint may be considered asa rigid beam- — 

and-column connection in which the column extends to the top of the frame. 

Whether the girder or column extends through the knee depends on the enetion 


of the joint in the plate, which in this case was located at the vertical section 

through the inside corner of the knee. | With this conception in mind, nor mal 

_ stresses on sections approximately perpendicular to the axes of the column and > 

+ ; the girder were determined from the principal stresses, and are shown in Fig. 9, 1 
It will be noted that the neutral axis of the column deviates only slightly from 

the center of gravity axis. - Stresses 1 normal to a plane passing through ‘the | 


inside and corners of the (section in Fig. 9) were also 


as 


to the two flanges at tis were 
from observations at the nearest gage points on the compression flanges of 

the column and girder. The dotted curve on the vertical section in the girder 

nearest the corner the stress distribution that might have existed 
that section if the bearing of the compression flange of the girder upon the 
column in had been properly distributed over the cross section of the flange 
instead of being concentrated in the outstanding legs of the angles. — ies. 
In the testing of the curved- knee frame it was observed that the the stresses 
at the toes of the outstanding legs of the curved flange angles were were only | a 


— to 70% of the stresses at corresponding points at at the heels of the angles or on 


| 
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— 
4 the edge « of the 1 web. ‘The stresses at the heels o of the: angles es and | on. on the edge - 
‘of the web. agreed v very - closely. . Fig. 10 shows flange stresses observed on 


at the toes of the angles. - ‘This transverse ‘variation of stress in the outetending 
legs of flange angles did not exist to any extent on straight flanges \ whether 
subjected to tension or compression. | ‘The explanation of this phenomenon ; 
was found to be a kind of buckling action in which the outstanding legs of the | 
“curved flange angles bent away from their center of curvature, thus elongating 
relative to the edge of the web and relieving some of the compression in the 


outstanding ual ‘For the observed differential in stress between the edge of 


a. 


= 


— 
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7.—Curvep-Knex Frame AND DEFLECTION APPARATUS 


the web and the toes of the ar angles to have en place, the toes of the out- 
standing legs would have had to deflect about 0.01-in. relative to the edge of 
the web. — The slight transverse bending observed, as measured by a transverse 
_ bending stress of about one kip per sq in., was not sufficient, however, to produce 
this deflection, indicating that some evtation was probably taking place about 


_ rivet line. ‘The ‘stresses on all three sets of gage lines increased approxi- 


mately i in proportion to the load. 
+ _ Normal stresses on planes radial to the curved flange are shown in Fig. 11. 
It will be noted that the straight-line distribution of stress of the straight-beam 
‘Cheory does not exist on the sections within the knee, and that the neutral 


axis is between t! the center-of- -gravity axis and the curved ati - The he average © 
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stress values at the back of the curved flange indicated in Fig. 11 were ies -_ 
by assuming that the stress was constant across the backs of the angles at 
each section, that the neutral axis would remain where observed, and that : 
the moment of the compression area a about the neutral axis would be the same 
- observed. ; From the observed stresses and the position of the neutral axis, 
- the average stress was then computed. The difference between 1 the maximum 
“and and average stresses was as much as 25% at some gage points. — 


0 2 30 


‘wom in Kips per Sq In. 


Average Stress in 


_ General Behavior of Frames.—Three items were used as criteria for t 

general behavior of each frame—namely, the horizontal ‘reaction, the internal 
moment at midspan, and the vertical def ‘deflection at midspan (the latter two - 
hereafter are called the ce center. moment and center deflection). 7 he internal — 7 
Moment, by observing t. the extreme | fiber ‘strains, from whieh 
could be. computed, in turn, the extreme fiber stresses and then the moment, — ; 
‘assuming that. the conventional theory of - flexure held true at t this location. 7 
7 he horizontal reaction was determined by observing the strain in the tie bar : 
"with a 10-in. strain gage and computin ig the stress and load therefrom. — The 


dial between the top ‘flange of the frame and a framework built u up pring the eo 
bases of the frame as shown in Fig. 7. 


Load-reaction curves and load-deflection curves each frame, shown in 
‘Fig. 12, illustrate that the frame as & whole behaved as an elastic structure; 
that is, the observations varied i in direct’ proportion to the load. _ Individual 
_ Stress observations ¥ were generally 1 made in only one increment; but at several 
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Fic. 9.—NorMAL STRESSES ON ARBITRARY SECTIONS, SQUARE-KNEE FRAME 
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"STEEL RIGID FRAMES 4 Papers: 
“ random points load-stress data were observed, and a straight-line relationship 
-wasobtained, 
. 1 Since only six l-in. extensometers were available for use (all of these being 
_ stationary by nature) many repetitions of loading were necessary to obtain 
all the desired data. Strain observations on the tie bar were made at aan 


intervals throughout the course of 7 


19 20 


Location of Gage Lines 


10.—F LANGE STRESSES on Various Gags Lines, Frame 
reaction was noticed. Evidently such phenomena as permanent set due to 
high localized stresses and slippage of rivets, if such existed, had a negligible 
_ effect on the frame as a whole. R | However, a decrease of about 5% in the high 
e corner of the square knee occurred during the 
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Horizontal . Movement of Supports. —In | order to simulate one of the most 
‘important problems in rigid- frame construction—that of horizontal foundation: 


movement—the bases of the frames were moved inward or outward as the 

load was 3 being applied. — Each frame was studied under five such conditions, 


~ Average Stress at Back of Angles 
‘Maxi um Stress at Back of 


10 20 30 
Stress, in Kips per Sq in. 


"vy ” 


STRESSES on Raptat Sections, CurvED-KNEE 


jeer span length being varied from the no-load state by the following amounts: 
in., in. . Oin., +7 in., , and 3 in. 1-in. movement in the model 

to a 1-in. movement in the prototype. 


The adjustment of the span length was controlled by a 0.001-in. Ames 
dial bearing against one column base and fastened toa long light angle clamped | 


at its opposite en end to the other column base. . Rollers supported the ‘angle 
along it its length. ‘: The two ends of this device are shown in Fig. 5. . Readings 
at zero load were always taken at normal span length; that i hat is, t the span length 
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ts span ler etl was as desired, either normal, or or plus o or ‘Minus a given elaine 

‘For ‘each test, the horizontal 

reaction, the center moment, 

and the center deflection were 

determined from observations. 

he values of quantities 
for each the variations of 
span length ‘are shown plotted 
ith computed values in 
13 for both rigid frames. . Iti is- 
‘noted that linear iation 
was found for each of the it items 


A complete set of stress-dis- 


tribution data was observed for 
one of the knees of the square- 
knee frame with the geet 
allowed to move outward 3 2 in. 
relative to each other under 
load. aa The results obtained were 
qualitatively similar to those 
presented i in the paper obtained — 
for the normal span condition | 
(Fig. 8(a)), the values of 
— * stresses observed being ‘slightly 


4 (Ki i s) 
Fra. 12.—Osservep AND Loap- less, would be ,expected it n 


> ‘Reaction CurvES FOR NoRMAL SPAN 
knee are smaller if the supports : are allowed to move outward. 

Flat Base Tests. 

plate bases shown in ‘Fig. 5 i in order the amount of 
restraint produced by this type of a base. Internal moments were determined | 7 
from flange strain measurements at two locations in each frame. Since the 
"horizontal reaction was also observed, it was” then possible to. compute the 

- location of the point of inflection in the column, if it existed. In both frames, 


_ the point of inflection was found to be so close to the base: of the column — 


ar Ahamant (Minin \ 7 


(Kips) 


c 
= 


~ 


- type of base v was: considered to produce, in effect, a hinged support. a 

Further ev vidence that the frames resting ‘on the flat ‘plate bases acted 
hinged frames is presented in in T able 2, which ‘gives ratios of observed to 
.- puted horizontal reactions, center er moments, and center deflections for both — 
hinged and flat-base tests. computations were based on the 
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or Dara, TO ANALYSIS 


machine, the girder was of uniform section was tested as a 

— beam with two equal and symmetrically situated loads. At a working load 


Horizontal Reaction; 
Knee Frame 


Horizontal 


Computes bie Conven- 
tional Beam 4 


Z 
0.200% 
(a) HORIZONTAL REACTIONS | 


Observed 
AND CENTER MOMENTS 


Span Variation (In.) Variation (In.) 


MPARISON OF ED AND CoMPUTED ] ACTIONS, Momesrs, AND 


for the alesis strains were observed on the top and bottom 2 the girder. 
Stresses w vere | computed from the o' observed strains , and the effective moment 
of inertia was ‘computed from the extreme : Gher steesee, s, applied loads, , and 
‘The effective moment of inertia was ‘slightly less than the gross moment of 
inertia, and almost exactly equal to that obtained by assuming the total — 
TABLE 2. —Comparison BETWEEN Hinaxp- -BAsE AND Fiat-Base 
(Ratio Observed ) 


~ Computed 


ra 


| 
_Teaction | moment deflection | reaction | moment deflection 


0.985 1.06 102 i965 


pings of the rivet holes to be uniformly distributed along the length of the 
girder. This average moment of inertia was used i in all computations. If the 


os moment of inertia had been used, ‘the error would have e been : about 38% 


for thi 
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1 Rea com h computed 
diane analyses v were made for both frames by the Manwell-Mobr (unit dummy 
as applied to a two -hinged arch. Since: both frames were of 
ese uniform c cross section, ‘the members of each Susan ‘we were arbitrarily divided 
_ into short sec sections and the necessary integrations were made as algebraic _ 
summations. The arbitrary sections are shown in Fig. 
_ The effects of shear and direct stress were included in the. computations, 
‘since f¢ for comparison with test results a greater degree of accuracy than that 
ordinarily’ required in design was desired. The equation for the horizontal 
considering deformations due to bending, shear, and direct. 
stress, can be written: 


Vig 


Mim, As , Vim, Nim As 
(mp)? As 4 As (my)? 
‘in which: My Vi, , and N; ar are the actual m moment, shear, and { diainiias in the | 
frame, due to epelied loads on a simple frame (that is, assuming no restraint — 
to horizontal movement of the bases); my, v hy and Np are the moment, she: 7 


and thrust due to a unit horizontal load applied at the supports; As is an 
arbitrary length of section of a frame; E is the modulus of elasticity i in tension 

and compression; G is the shearing modulus of elasticity ; I is the moment z 
l 


inertia; A is the total cross-sectional area; and A, is the cross-sectional are 
a the web. _ Actual evaluation | of the different quantities indicated that, fo 
rigid” frames of types ‘similar to the two ‘models, the last two terms of the 
numerator and the last term of the denominator r may be aceuneae for al 


Neglecting the remaining shear term would introduce an error of about 3% 
for the square-knee frame and about 1% for the curved-knee frame. —— 7 
+The application of Eq. 2 for HT is a routine matter provided the structure: 
tion in accordance with the assumptions on which the theory is based. 
a Figs. and 11 sh show, however, th that at at the knees of both rigid fr frames straight-line | 
distribution of normal stresses does not exist, and, in all probability, sections 
that are plane befo before senate do not ‘necessarily remain pets after bending. 


As result, ‘the a actual ‘bending deformations nd the approximate 
shearing in 1 the sections at the knee will differ from 


computed by the ‘Maxwell- Mohr theory? for straight beams. Therefore, a 


study of the stress distribution at the knee of each frame was made to determine 


_ 1*Blementary Treatise on Statically Indeterminate Stresses,” by J. I. Parcel and G. A. Maney, 
Members, Am. Soc. C. E., John Wiley & Sons, Inc. DC.» New York, 2d Ed., 1936, Chap.1. 
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D 4 the treatment of the corner sections that would most nearly approach actual 
conditions as interpreted from observed data. eee 
‘The changes in theoretical horizontal reaction due to in span 
‘length were determined directly from Eq. 2. _ The numerator of Eq. 2 repre- 
sents the horizontal deflection of the supports due to the 1e applied loads when 
the supports are free to move horizontally; that is, the variation in span 
length for a 100% change in reaction. — Since the change i in reaction is pro- 
po portional to the variation in span length for a given loading, the horizontal 
‘reactions for the various span lengths were obtained by direct proportion. — 
Deflections.— —Vertical deflections at the center of each frame were computed 
7 by the Maxwell-Mohr method, involving th the application of a vertical unit 
 Joad at the point at which the deflection was desired. For co convenience, it is 


determinate frame (supports free to 1 move re horizontally), that i is: a 


M mAs 


in at any point; a actual moments in the structure 


due to applied load; and m = moments. due to a unit load applied to the 


determinate structure at the location of, and in the direction of, the deflection _ 

Corner Section, Square-Knee Frame —Of primary importance is the degree 

to which the sections within the knee may influence the determination of the 

horizontal reaction. _ Total neglect of knee sections in the computations for 

horizontal reaction (that i is, considering the knee to be infinitely stiff) increased : 

the « computed value by 2 about 3%. ; 


_ An approximation to the actual deformation of the square knee was ob- 


tained from the information in Fig. 8(a). Since the principal stresses eran] 
the knee were approximately circumferential and radial, the knee was divided _ _- 7 
into circumferential bands, as shown in Fig. 14(a)._ “Average radial po 
circumferential | stresses were assigned to the bands in accordance with the — : 
obser ved stress distribution. rom the average principal stresses the elonga- 
tion of each band was computed, which, when plotted together, g gave the total _ 
- angular change between the two internal faces of the square’ knee, also shown 4 
in Fi ig. 14(a).  T his angular change was p practically the same as that ‘computed 
7 from the observed shears in the knee (Fig. 14(6)), indicating that bending, as 
ordinarily considered, ec contributed very little to the deformation of the knee. 
The effe effect of shear in the knee is enna by the analysis presented in 


Tis 

Fig. 14(0), in in which 0.00072. This practice of treating the 
asa free body acted upon by the reactions of the frame and by the flange forces 

- and end shear of the girder (neglecting - the moment and thrust carried | by the 

_ web) is used now by some e designers. — When the knee is considered to be loaded 
in this - manner, bending about the neutral axis of the ‘column will contribute 
little to the effective deformation of the aon which was already indicated by 


test results i in in Fig. 14(a) an and id Fig. 14(b). 
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Two conventional methods of treating the corner of a square rigid-frame knee - 


| 


are shown in Fig. 14(d), in which 0.0018 


and F Fig. 14(@), i in which 0. 0017. ‘The: computed bending deformations 


at the! knee for the two cases were » approximately equal and considerably greater 
rt a= Radians — a= 0.00073 Ra Radians 


a Shear = 8.0 Kips 
per Sq 


FROM OBSERVED 
SHEARS 


‘Fie. (14. OF THE ARE AND PossIBLE Cuorces oF § FOR 


INTEGRATION 


than the deformation indicated by the analysis shown in Figs. 14(a) and 14().. 


7 Tf, however, the effect of shear is neglected throughout the frame (as would he 
done in n design), the large bending » deformation a assigned to the knee tends to 
- offset the absence of shear deformation in the frame as a whole. — ~The results 
- 4 thus obtained differed only slightly from those in which shear was considered. 
A comparison between the observed horizontal reaction and the values obtained 
several treatments of the knee section is asfollows: 


neglected. . 


by ‘Analys in| Figs. or 1400): 


5 
= 
» 
— 
\/ 
— 
— 
— 
m 
— 
P 
— 
ry 
a il 
— 


N 1940 


Computations of all t theoretical values used for comparison with observed 
values we rere based upon the treatment shown i in Fig. 14(c), including the effect 


In connection with the e rigid- frome iwveetiantion conducted at the National 
Bureau of Standar ds, a theoretical analysis* of a rectangular rigid- frame knee 


was s developed. a he analy sis involved an application of the theory, of elasticity 


ASSUMED CONTOURS OF CONTOURS OF 
OF PLATE MAXIMUM SHEARS MAXIMUM STRESS 


- 


~ CONTOURS OF NORMAL STRESS ON 45° PLANE, >» 
MINIMUM STRESSES IN KIPS PER SQ IN. 


Y OF ELASTICITY 


and r maximum shears, which were . computed by H. D. Hussey, M. Am. Soc. 
C. E., for a rigid-frame knee of practically identical proportions as the square 
ki re a also given in | Fig. 15. By comparison with Fig. . 8(a) it is noted that 
general agreement between theoretical and observed results ‘is 
‘Satisfactory. 
_ A comparison of observed and computed extreme fiber stresses in the 
vicinity of the knee is presented in Fi ‘ig. 16. Computed s stresses are based on 
‘the conventional formulas for flexure and direct stress. In plotting the 
computed tension values it was assumed that the stresses reach a maximum at 


* section that panes through the inside corner of the knee, and decrease 
. uniformly along the flanges of the knee to zero at the outer corner. _ The 


: ~ stresses represented by triangular dots on the vertical section passing through 
| the inside corner of the knee were computed on the : assumption that the flange 


angles of f the e girder t1 transmitted all of the moment and thrust i in the girder to 


t the column. ' This as assumption i is reasonable if if it is — _— the web s splice 
is located att this section. tion, 
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— simple . method for computing normal stresses on the 45° y plane through the © 
‘inside corner of the ‘knee was developed from th the test data shown i in 1 Fig. 9 9. ee 
accordance with the stress distribution on the e diagonal plane, the neutral: Axis 
for this section was assumed to be at one fifth the length of the diagonal from 

the inside « corner, the tension stress area was assumed to be a second- degree 


parabola, and the compressjon-stress area a triangle. — - these assumptions 
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10 15 20 
Compression, 


Stress Computed by Beam Formula 
{to Ton, Computed Assuming Flange Angles 


{tots Take All Moment and Thrust on Section 
Fia. 16.- 16. —ComPanison oF OF Onszrv ED AND CompuTep FLANGE 
wer 
and | the eq equilibrium e equations for direct stress and bending on the section, the 
| maximum values of tension and compression stresses were determined. C on- 
sidering the « compression flange (but not the tension flange of the ; girder nor the 
horizontal stiffening angles) to be acting with the web, the maximum tension — 7 


and compression computed by the foregoing method fell’ within 5 


is. Fig. 8(a) shows that the maximum shearing stresses are very nearly won ? 


over most of the web in the knee and are e all approximately | horizontal and 


vertical, being inclined at. to the: direction of the principal Compu- 
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knee is 98. of the average: of the ‘maximum ‘shearing stresses. Thus, a 


irison between the horizontal 


8 240 
8040 
7860 


Computed on the Basis of 
Indicated Loading 


Fic. 17.— AVERAGE HortzonTAL SHEARING STRESSES IN THE Square KNEE, IN POUNDS PER SQuaRE 


assumption that the web resists a horizontal shear equal to the tension in the 
top flange of the girder. ‘The girder flanges have been assumed to take all the 
moment and thrust on the section at the column face as shown in Fig. 17. __ 

Corner Section, Curved-Knee Frame.—In the curved-knee frame the hori- 
zontal reaction was 3.5% below the computed value. Average compression- 
flange stresses at the knee varied from 15% to 50% i in excess of stresses com- 
puted by the conventional formulas for flexure and direct stress as shown in 
Therefore, the bending deformations in in sections within the knee were 
probably gr greater ‘hee in those computed by conventional methods—that i is, the 
knee _was no not as stiff as assumed. . To remedy this: condition, a simple and 
g -arbitfary | method for. reducing the moments of inertia and section moduli of 
Sections within the knee was developed from the test results. Using these 
‘modified values, computations gave a horizontal reaction and compressive 
stresses within the knee i in close agreement wit with the observed data. 
For knees of this type radial sections are the most convenient to use and 
a. were employed in all analyses involving mechanical integration. To obtain 
what will be called the “effective” section modulus (S’) for each section, the 
Moment at a a given section was divided by the average observed compressive 
stress at the e extreme inner fibers. The ratio of ‘ “effective” section modulus to 
actual section modulus determined for each section and plotted 


against a The approximately linear 


| aie between the ratio and — C can be expressed by the 


that is, 


p91 

| correct determination of the horizontal shearing stresses wou e adequate for ae 

design” purposes. Fig. 17 presents a& comps 

shearing stresses determined from observations and those computed on the 
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section moduli agreed closely with the average observed compressive stresses. 


_ Furthermore, the same principle used in the modification of the section modulus _ 

may be applied to the moment of inertia in order to correct for the discrepancy in| 

observed and computed horizontal reactions. The procedure in an actual 

- design, assuming that the stress in the extreme compressive fibers is constant 

pute the “‘effective” moment of 


a in which c is one half the actual depth of section. In the case of the curved- 
7 knee frame, however, the deformation of the knee depended not on the average 
_ flange stresses, but on the maximum compressive stresses which occurred at the — 
1 
|| | | [4 
| | 


11 12 13 14 15 


Stress Computed by 
Beam Formula 
Observed Stress 


CompuTEeD FLANGE STRESSES 
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edge of the web. _ By using ig the ‘ ‘effective” moments of inertia based on the 
“maximum compressive stresses in the web, the value of the theoretical hori- 
4 -gontal reaction (neglecting shear) was reduced from 4,690 lb to 4,480 ib, as 
compared with the observed value of 4,530 lb. - 
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‘Sections 8. 11 

Sections 4- 7 


Fic. 19. FOR THE DETERMINATION OF A Mosca» SEcTION LUS 


Maximum tensile stresses at the knee occurred at the outer extreme fibers 
; of sections near tl the points of tangency of the curved flange and were in fairly 
close agreement with values computed by the conventional formulas for flexure: 
and direct stress (Fig. 18) . Ont the radial section through the exterior corner of 
the knee, however, the maximum tensile stress cannot be computed in this 
manner. A simple solution for this section was derived from the test results in 
Fig. 11, identical in principle with the method applied to a corresponding section 
in the square-knee frame. The assumptions made were that the neutral axis 
was one quarter the distance from the compression flange to the exterior corner, — 
and that the stress ss distribution followed a second- degree parabola ~ on the 
tension side and a triangle on the compression side. — Assuming | that the | 
tension flange angles did not act with the w veb, and applying the equations of 
equilibrium, » the maximum observed tension and compression stresses es on the 
section were checked within about 10%. — ‘Since this is not likely to bea critical 
section, the check was considered satisfactory, 7 Pee 
In connection with the tests on rigid-frame —_ made at the Bureau of 
Standards, an analysis‘:* was developed by Mr. Osgood for the knee frame 
with the curved i inner flange. This analysis determines normal and shearing 


Theory of for with Nonparallel Extreme Fibers,” by W. R. Osgood, of 
Applied Mechanics, September, 1939. ; 
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extreme fibers. _ No consideration i is ‘taken of f the possibility that. the « édges of 
the member may may be curved. A Ac comparison of normal stresses ‘computed by 
this method and observed normal stresses i is presented in Fig - 20 for r the ¢ curved- = 


“knee frame. . In general, the observed stresses at the extreme fibers are some- 
what higher than the computed stresses, although the agreement is is 8 considerably 


| 
= 


Curves Indicate Computed Stresses 
Arrows a Observed Stresses 


: 
20.— —ComParison 0 OF OBsERVED WITH AT Bureau 


better than that obtained by comparison with the theory of flexure for straight 
beams with parallel -_ 7 ‘The neutral a axis, as located i in Fig. 20, is the axis 


_ knee, except = at the curved flange, lie per aya a square, at 


the exterior corner of the. knee, with two of its boundaries coinciding with the — 


straight flanges ¢ of the knee onl * with its interior corner on the observed neutral 
axis (see Fig. 11). This is square is is shown i in detail i in Fig. 21 rap From Fig. 8(6) it 

is also noted that the 1 maximum 1 shearing stresses within the sq square are ‘nearly 

| horizontal and vertical. The forces acting on this section of the web are 
ae llustrated i in Fig. 21, the apreneny introduced by the flange tensions being ge very 
a “4 great in comparison to the bending loads due to the web. . Therefore, ‘the 
horizontal and vertical shears in the square were considered to be approximately 7 
equal to the shear introduced by the flanges. — The total stress in the angles that — 
must be unloaded into 0 the web through the Tivets along the two exterior vn 
of the s square can be computed - the conventional formulas for flexure and 
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= and loaded with horizontal and vertical shears equal to the average of the 
tensions in the two flanges, which were nearly equal, the resulting average 
shearing unit stress agreed closely with the observed maximum shearing stress. 
The comparison between observed and computed results is shown in Fig. 21. 
he high shearing | stresses ; along the curved flange are a direct function of the 


not exceed working limits. 


Maximum Observed 


Average Observed 
_ Average Computed 


Bendin Forces 
"Shear Introduced by Flange: Due Web 


Shearing Forces 
Due toWeb 


F ‘IG 21 —Suearinc STRESSES IN IN THE Curv ED KNEE 


Frames.—The extent to which the frames, each con- 


‘al: as a 1 whole, behaved in accordance with currently accepted theory is 
shown in Fig. 13. For both frames the observed horizontal reactions were 
slightly less than the computed values, varying from 0 to 4% for the square- 
knee frame, a nd being constant at about 4% for the curved-knee frame. - The 
_ observed center moments hag deflections were greater than the computed - 


- 
values, va % for the s square- -knee frame, and from 5 to 13% for 


TABLE —Comparison BETWEEN Test Data AND ComPUTED VALUES FOR 


Description Horizontal Center Center Horizontal| Center Center 

ie - a reaction moment | deflection reaction | moment | deflection 


Observed «5,280 0.465 4,530 153 «(0.678 
Computed from observed hori-| 


the curved- — frame. oh According: to the laws of the s statics, s, observed reactions 
and center moments should always check each other. In ouarel they agreed 


very well. Any excessive deformation at the knee sections would be reflected 
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in the value of the horizontal reaction but not in ite between 


_ By comparing the observed values of horizontal reaction, center moment, ; 
and center deflection with theoretical values and with semi-theoretical values. 
obtained ed by using the observed horizontal reaction, a a good indication of the 7 


7 ‘efficiency. of the knee joint as 13 well as of the frame as a whole was « obtained. 
‘Such a comparison is given each frame in Table 3. All: values refer t to the 


normal s span condition. 


“Stress Frame. In general, the parts of the frame 


outside | of th 


distribution of normal stresses was obtained. adjacent 
to the knee, observed stresses in the compression flanges of both column and 
girder were considerably greater than stresses ; computed by the conventional 
beam formula for flexure and direct stress. Probably two principal causes 
contributed to this condition. First, the web of the frame was discontinuous 
through the vertical joint at the knee, which resulted in the flanges of the 
& girder carrying more than their share of the moment and thrust on the section - 
at the: column face. This premise is upheld by the normal stress distribution 
o— 1 in Fig. 9 on the girder section next to the knee. — Itis noted that on this 
section | the web is understressed and the flange angles overstressed. Second, : 
the presence of shims between the compression flange of the girder and the : 
column caused practically all of the compression in the girder to be transmitted ff 4 
to the column through the outstanding legs ¢ of the he flange angles. _ At @ point on 
the girder 2.5 in. from the column face, the outstanding legs were earryi ring about 
three fourths of the total load in the compression- -flange angles. . The average : 
stress in the compression flange agreed closely 1 with the stress computed « on the 
assumption that the girder flanges carry all the moment and thrust in the 


- girder at the knee joint. | The high stress noted in 1 the compression | flange of ] 
the c column at the inside corner of the knee was probably c caused, in part, by 4 
the extreme concentration of bearing at that point. It seems probable that any - ( 

- additional concentration of stress in the column or girder at the knee because of  g 
the reentrant angle was of small magnitude. i 
Ww hatever concentration of : stress does exist is directly dependent upon the ¢ 

bearing condition at the ‘corner. . An accurate ‘fit along the entire joint will an 

produce lower stresses in the flanges but higher stresses in the web. 4 Local a 
variations of this nature are of general occurrence in steel s structures, where a 

these high localized stresses are usually disregarded a: as unimportant. ‘There- 
fore, with regard to to concentrations of stress at sections adjacent to ‘the knee, - 
the rigid frame may be treated as any other steel structure. * ‘However, a loose - 


fit is to be avoided because of the possible effect on the horizontal reaction and 


therefore on the stresses at ‘midspan. f 


Within the knee the stress distribution cannot be determined by any simple 

theoretical analysis. The application of the theory of elasticity is too compli- h 

-eated and tedious for practical use by designers. Moreover, Figs. Qandlé t 
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indicate that —_— critical sections for normal stresses at the knee are the hori- 


zontal and vertical sections through the inside corner i the knee, which were 
discussed in the ‘preceding paragraph. 


Shearing stress is - apparently quite important in a rigid- sites knee of this. 

ty pe. T The unit shearing stress in the web within the knee was about twice the 
stress just , outside the knee, which is ordinar ily considered to be the critical 
. section with respect to shear. A study of the maximum shears (Fig. 17) showed 


that designing for horizontal and vertical shearing stress in the knee, on the 
basis of an external shear equal to the total tension in the top flange of of the 


girder, was both adequate and correct. 
Stress Distribution, Curved- Knee Frame. —As i in the case of the square-knee — 


frame, the parts o of the frame outside the knee gave results in accord with: 
conventional theory. . WwW ithin the knee, the stress distribution differed markedly © 
from that obtained by tl the ordinary beam theory. _ Throughout the entire 
curved part of the compression flange at the knee, the observed stresses we were © 
much greater than the computed values. | Two factors probably contributed to 
the observed difference. _ First, the neutral axis has a pronounced ¢ curvature at 
the knee. | However, an ‘application of the curved-beam theory could account 
for only a small part of the differences between observed and computed stresses, 

particularly on the compression ‘flange. The second and possibly the most 
important factor i is the rapid change of section that occurs at the knee. This 
latter problem introduces complexities that m may be e solved reasonably only bya — 


T he » arbitrary procedure presented i in the section on n analysis g gave good. agree- 
ment nt with the eee: results, but it made no ) differentiation between the ; 


would be necessary if the method of were be to knees 
having different degrees of curvature or different proportions of 


| 
‘The stress -.... was complicated by a stress relief in the outstanding 
= of the curved flange angles . The: radial component of compression 1 due to 
the curvature of the flange caused the outstanding legs to deflect away from the 
center of curvature and thus elongate relative to the edge of the web. How- 
ever, if there had been a cover plate on the backs of the curved flange angles, 7 
it is possible. that no appreciable radial displacement of the o outstanding legs 
could dhave occurred. Notonly would the outstanding legs have been reinforced 
by an additional thickness of metal, but any rotation of the individual angles 
about the rivet line would have been = the section on 
Consequently the 
effect of stress relief in the outstanding legs was eliminated by using an average 
_— extreme fiber stress, although this phenomenon is too important to be over-— 


_ The analysis developed | =" Osgood was applied to the curved- knee 

- frame, and it gave fairly good agreement with the observed results, although 

the observed extreme fiber stresses along the curved ‘flange were somewhat 
sg higher than those computed by this method. | In the Bureau of Standards’ 


tests on a ‘rigid- frame kne knee of similar shape and proportions, the observed © 
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extreme fiber stresses s along the curved wal were ‘slightly lower than the 
computed stresses. This: a 
5 part, by the presence of the t transverse se variation of stress across 3 the ¢ outstanding 
legs of the curved flange angles. ie the tests described herein, strains were 
: measured on | several gage lines (Fig. 10) and an attempt was made to igo the 
a properly weighted average extreme ners stress. To the best knowledge . the 


situated ga gage lines, e each a shout out on the 
leg of a flange angle. The difference i in the manner of observation would cause 
the Lehigh results to be higher. relatively than the Bureau of Standards’ results, 
and may afford the explanation for the apparent disagreement cited. Since 
- this , method of analysis did not take into consideration the curvature of the 
frame att the knee, it is not without reason that the observed normal stresses 
in the curved flange might be slightly greater than the computed values. «dT 
_ the effect of the curvature of the neutral axis were taken into account, it is 
_ probable that. an even better agreement with the observed compressive stresses 
- General Behavior. —In both frames the observed horizontal reactions were 
slightly lower than the > computed ° values, 1.5% for the si square- -knee frame and | 
3.5% for the curved- knee frame. These relations refer tot the normal ‘span oe 
condition. "Although this s degree of ‘accuracy a appears to be. satisfactory, the 
— diserepaney is on the dangerous | side. > A decrease i in the horizontal r reaction — 
. will produce an increase se of much greater magnitude i in the center moment. _s 
F greater degree of accuracy in the computations was obtained for the curved- 7 
_ knee frame by arbitrarily reducing the moments of inertia within the knee i in 
accordance with observed stresses. 
In general, observed ¢ center moments and ‘deflections agreed very well aa 
corresponding g values” computed from. the observed horizontal reactions. 
_. Therefore, the accuracy with which stresses and deflections can be computed 7 
andl 


merely al reflection of the accuracy of the computations for the horizontal. 
reaction. In other words, the knee of a two-hinged rigid frame affects the 
5 as a whole only in so far as it affects the horizontal reaction. — a _ 

ot ‘The observed normal span deflections of 0.46 in. and 0.67 in. for the square- 
fn and curved-knee frames, respectively, seem large when it is considered that 
= deflections in the prototypes are four times as great. In this connection, 

Sie reference i is made to deflection tests,® reported by R. M. Hodges, M. Am. Soe. 

. a C. E., on three structural-steel rigid-frame bridges in Westchester County, 
— New York. - In these tests, the floor systems and cutoff f walls, which were not 
a included in the deflection calculations, evidently : acted with the frame eres 
- a great ene The oni deflections i in some cases were — one eighth 


ment 


a of: the supports of rigid is clearly illustrated by Fig. 13. For an 


in ‘span length of 3 2 in. ‘(that is, each support ‘deflecting outward. +} in.) the 
horizontal reaction for the square-knee frame decreased 7% and the center 


«tae 9**Deflection Tests Show Rigidity of Steel Rigid- Frame Bridges,” by R. M. Hodges, Engineering 


News-Record, September 3, 1931. 1 
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moment increased 20%. Corresponding variations were not quite as great fo1 
the curved-k -knee frame because of its ‘greater flexibility. : a 
‘The accuracy - of computations for the effect of horizontal movement of the 
‘supports upon the frame as a whole depends chiefly on the accuracy with which — 

the horizontal reaction is determined. Changes in horizontal reaction for 
known n variations of span length did not check the computed values exactly (the 
computed and observed curves in Fig. 13 are not exactly parallel), but the 
agreement was satisfactory for all practical purposes. 
~Plat Base Tests.—It is to note that practically no rotational 
restraint was dev eveloped at the supports by allowing the base plates of the rigid- 
frame models to rest upon flat plates which resisted only horizontal movement. 
- In fact, the horizontal reactions were less than the values computed, assuming» 
the supports to be hinged, Ww hereas the presence of any reaction moment should 
have: the effect of i increasing ¢ the reaction. | This might have been due to a slight 
_misalinement of theframes. Ifthe bases were not truly horizontal, the 
~ might easily have been located inside the centroid of the base. : Such ac 
~~ have produced a reduced horizontal reaction. _ However, the test results. 
shown i in Table 2 definitely indicate that, unless specific provisions are re made to 
_ prevent rotation at the base of a rigid frame, the frame will act as a two- -hinged | 


‘structure, 


ESIGN 


For most practical purpores, reactions in _ two- -hinged rigid 


frames: of ‘the types | tested in in this i inv vestigation may | be computed satisfactorily | Z 
ee any ‘theoretically sound method of analysis. Fig. 13 presents a criterion of © 
the the accuracy that can be expected. 
if greater accuracy is desired for the curved-knee frame, the following | 
‘recommendations are made: Arbitrarily reduce the moments of inertia of 
perso within heed knee by n means of the graph in Fig. 19. . Shear i is of second- - 


are 
i 
™ a 


the inside ¢ corner of the 


formula for flexure direct to. the On the 
section, assume that the flange angles carry call the nd thrust in the 
girder, and apply t the same formula, 
2. ‘Design the web to take a total shear to the tension 
the top flange of the girder computed in step 1 we mies 
8. If the web plate is thin in comparison to. — in the test specimen, it 
may be > well to investigate 1 the tension in the web on the 45° plane through the 
‘inside ¢ corner. For this section, the neutral axis will be located at about one — 
‘fifth of the length of the diagonal from the inside corner, and the stress distri- _ - 
bution” may be considered to take the form of a second- -degree parabola on 
the tension side, and of a on a the co compression side. Maximum stresses 
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direct stress on the section, 
‘or a curved knee 


may then ‘be computed from the equations of equilibrium for bending and 


: “1. Critical sec sections for direct stress | at the knee occur w ithin 15° from the 
points of tangency of the curved flange. Maximum compression stresses 
_ be determined by use . of conventional formulas for flexure and direct stress in 
straight | beams if the section moduli are reduced in accordance with Fig. 19. 
- Maximum tension stresses may be determined in the same manner, but using © 

nominal section moduli. _ Flange str stresses may also be computed s satisfactorily — 
by the Osgood theory.* 
The web be for shear on the basis of the 


 : If the web plate is thin in pee that in the test specimen, 

a ~ 45° plane through the outside corner should be investigated, using the same 1 
7 procedure that was recommended for | a corresponding section in the square — 
knee. __ However, in the curved knee the neutral axis is located at a Pala ; 


-4 from the compression flange equal - to about one fourth the entire dia diagonal 


distance, 
vy 


8 
SUMMARY 


‘may and designed as a a rigid girder and 
w hich the | reactions of the girder upon the column consist chiefly of a top-flange- 
tension, a a bottom-flange: compression, and a vertical shear, ‘neglecting the 
‘moment and thrust carried b by the web at the the splice. 4 
(b) Stress concentrations at the sharp reentrant angle of the square knee 
were due principally to imperfect bearing rather than to any inherent property 
(©) Normal stresses upon | radial sections s of the curved knee did not exhibit 


4 


the c compression flange. On the radial auction ua the exterior corner the 
“neutral axis was about one fourth the distance from the compression fla flange - to. 

‘theexterior corner, 
fat (dq) Maximum stresses in the curved knee occurred on sections just insite 

an e points of tangency of the curved flange. Average extreme fiber stresses 
in the curved flange were from 15 to 50% higher than stresses computed by 

the conventional formulas for flexure and direct, stress in straight beams. 

(e) . A simple method of reducing section moduli and moments of inertia 
within the curved knee produced close agreement between observed and 


- ‘computed values s for compressive stresses in the curved flange ¢ and also for the 
horizontal reaction, 
The outstanding: legs of the -curved- flange angles deflected away from 
the center of curvature under red radial component of compression introduced 
by the curvature. As a result, the s stresses observed near the toes of the 
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outstanding legs at various points along the curved flange v were only | from. 40 
to 70% of the stresses at corresponding points on the heels of the angles and 
on the edge of the web. _ Maximum stresses on the edge of of the web were as 


much as 25% gr eater than the s average V values used for comparing test results” 
with: computations. 


nC) Conventional r ‘methods of frigid frame analysis gave horizontal reactions 
‘slightly. greater than those observed; 13% for the square- -knee frame and 


3h % for the curved-knee frame at normal span. 
(h) ‘Conventional methods’ gave center moments and deflections as ae 


as. 10% less than | observed values for both frames. a 


computed f from observed reactions and applied | loads. ee 
Changes i in horizontal reaction, center moment, and center 


due to horizontal movement of supports also checked theoretical values fairly 


(k) No appreciable a restraint was developed by setting the base 
plates of the rigid frames on flat plates which resisted horizontal movement 
7 of the supports, but not rotation. _ Rigid frames in which no special precaution 
for prev enting base rotation is taken, therefore, will act as two-hinged frames. 
ae (I) ‘The results of this investigation agreed very w well in . general with the 
a results obtained at the National Bureau of Standards and with the English 
tests reported by J.J. Leeming and §. C. Redshaw” i in n 1939. ee 
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10**The Testing of Two Portal Frame Girders 
6 gineer, No. 17, 1939, pp. 124-133 and 156. 
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RELIABILITY. ‘STATION- YEAR RAINFALL- 
FREQUENCY DETERMINATIONS S 


— 


By KATHARINE CLARKE-HAFSTAD' 


of rainf; rainfall frequency values ‘should considered carefully 


ood | and en erosion control structures. paper i is 3 concerned 


Deters minations of the frequencies wi with which rainstorms of certain extent 


~ and intensity occur, together. with measures of the reliability of these determi- 
nations, are essential to the solution of problems « of flood control and of soil ; 
and water conservation. In the construction of soil-conserving devices such | 
as terraces, check dams, and contour furrows, designed to decrease runoff and 
soil loss, it is necessary to know the range of stresses to which rainfall will — 
subject these various devices, and the frequency with which these stresses will - 
occur. * The size of dam or other control structure which it is economical to 
— build | on a given watershed depends chiefly upon the size and frequency of | 
floods in that watershed. In order to predict the frequencies various 


amounts of runoff, a knowledge of the frequencies of rainstorms of various . : 
siesisrequired, 


the present state of the of the e physical controls | of weether 
-* climate, the only feasible method for predicting the probable frequ uencies 
of certain amounts of rainfall is one based on a statistical study of precipitation a _ 
_ history. T he record of past precipitation, available in the form of measure-_ 
ments by rain gages, however » provides an extremely inadequate statistical 


for making of future precipitation. Bain gages set up to 
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‘sample re rainstorms have been very widely spaced, : an insufficient number have 


been « of the continuously recording type, and relatively few years of record 

have been obtained. As result of the inadequate sampling, very little 


quantitative and reliable information is available concerning the areal extent 
rainstorms, their duration, intensities, and frequencies. = 
Primarily to “mitigate the of the paucity of years of record to 


method was devised. This. method makes possible the determination of 
Tet frequency « of those very intense rainfalls which occur so infrequently “that 
only | a few observations of their occurrence will be found among the records 
: of a group of stations. 7 It is particularly useful for determining the average — | 
a number of occurrences of a a given amount in a certain length of time when this | 
period i is longer than the actual number of years of rainfall record. — oe — 
_ Although first applied to records of stream gages,° the station- -year method 
4 was used as early as 1917 by the engineers of the Miami Conservancy District 
ij in their elaborate study of storm ‘rainfall of Eastern United States.4 Their 
technique has been used in its ; general outline by all subsequent investigators. 
who have desired to determine for any locality the maximum rainfall to be 
expected o once on the ; average in any given length of time. 
The 1 method consists essentially of collecting — for an area all the rainfall 


records of whatever length, and treating the sum of “all the records for vr all 
Stations (called the “station-year as if it ere a single record for 


be used in calculating probable rainfall intensities and frequencies, the station- — | ” 


= he highest amount is considered to be the ‘maximum to be 4 
“expected i in the area, on the e average, ‘once in the period of years represented t 
_ by the station-year oomid: the second highest amount may be expected once - 
in one half the aggregate record, and so on for smaller quantities. The com- _ C 
bined experiences of all stations in the area are assumed to “give a p 
weighted d average which may be e regarded a as the probable a average ex experience le 
for any one point within that area.”> ‘ ti 
The ‘maximum rainfall to | be expected with a certain frequency is | termed 


the “pluvial index” for an an area. _ These pluvial indexes are plotted on charts 
and i iso-pluvial lines drawn by interpolating between the indexes. In drawing — 
- these lines the assumption is made that the pluvial index refers to the midpoint 
of the area for which | it was determined rather than to any point. — This may 
or may not be a correct assumption, depending (as will be shown) upon the 
distribution of stations and the homogeneity of : rainfall characteristics of 


4 the area. i 


Analysis of the station-year - method shows that by this. technique one is 


we 


ae 


"determining, i in effect, the reciprocal of the average number of occurrences 0! ie 
3**Flood Flows,” by W. E. Fuller, M. Am. Soe. Cc. E., Transactions, Am. Soc. C. E., Vol. - LXXVIL ye 


Rainfall of Eastern United States,” Miami Conservancy District, Eng. Staff, 


Loe, cit., p. 63. 
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a given amount of rainfall, per station per year. If 500 station years of 
- record yield 5 occurrences in excess of a certain a average number 
of occurrences per will be This is equivalent to an 


| 


average frequency of 100 years per is the same result 
- would be obtained by a the fifth highest amount in a station-year rec record 


> ‘It should be noted that the station-year method is a simple statistical — 
| procedure { for arriving at an approximate answer to a problem which it is 

: hoped n may some » day be solved more satisfactorily either from a . consideration | 

; of the meteorological processes producing rainstorms, or through the accumu- 

- | lation of mo more e detailed data and a study of rainstorm morphology. - Ideally, 


and duration—not simply the frequency of a apueeny amount of rainfall for . 
point in an area. _ Aside from the restriction due to length of record, the chief — 
limitation in the usefulness of the station-year method is its failure to indicate 
| the size of area which may be expected to receive the given amount of precipi- 
| tation. At present very little information is available on the intensity-area- 
: relations of storms, and this is due to the fact that, ‘until recently, recording 
l : rain gages | have been so w idely spaced that storm areas ( could not be determined 
with any of deficiency of ‘gages is gradually being 
r 


n In areas E astern United States 1 many more rain gages been 
e installed within recent years. In the watersheds of the Susquehanna River 
is — and the Ohio River above Pittsburgh, Pa., in September, 1940, there were 
of | about 100 ar automatic recording g gages in operation, snavedenatily 1 for e every 
Ne 400 0 sq miles. No single agency assumes responsibility for maintaining all 
dd gages. The Pennsylvania W ater and Power Resources Board; the 
ce | United States Geological Survey, Weather Bureau, Forest Service, | and ‘Soil, 
le Conservation Service; local power companies; and other agencies have each — 
a placed their gages in locations most advantageous to themselves. The col- 
ce lection and compilation of the data from all these gages, however, will con- 
all _ tribute fundamental information on rainstorm frequency and intensity that ; 
el will be extremely valuable to all ‘agencies concerned with the precipitation on’ 
ts this watershed. 7 Similarly, in the Tennessee V alley,® a region 1 of approximately 
ng 40,0 000 0 sq miles, there were, in July, | 1940, about 460 rain gages maintained - 
int vy arious agencies, of which approximately 70 were of the r recording type. e. Most 
ay of these gages have been in operation 5 years or more. The maintenance “_ 
the such networks as these, together with the very dense net of automatic gages, 
of 500 in 8,000 sq miles, established by the Soil Conservation Service on the 


a - Muskingum Watershed i d in Ohio, will Il make possible the determination of the = 
: . frequencies of rainstorms of g given area and intensity.” — The r reliability of the 


—- data from eer of ‘stations: will | increase rapidly as as: the 
ye eas 


a °**Precipitation in Tennessee River Basin,” Tennessee Valley Authority, Hydraulic Data Div., 


__7“Microclimatic Studies in Oklahoma and Ohio,” by C. Warren Thornthwaite, Science, Vol. 86,1937, 
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The simple computation of average frequency by the station-year method 


4 requires no information regarding the relation of rainfall amount to the asso- 
ciated storm, but a knowledge of the characteristics of rainstorms is necessary 
7 for the corr ect interpretation of the results. ee 


itt there is. a closely spaced, well- distributed net of recording stations in 
an area, and a large number of years of record—not station years, but actual 

years of time—the average frequency « of a specified amount of rainfall computed 

by the : station-year method is a reliably representative one for the midpoint 

of that area for which it was determined. relationship between the 

length o of and of the average frequency i is the chief concern 


theory. of probability makes it to indicate, by a of error 


in the average, how the reliability of a frequency value is related to the length 


ath _ Number and Distribution of Stations. —Some of the ways in which the 
accuracy cy of the average frequency will be affected by the number and distribu- 
tion « of recording | stations will be briefly mentioned before treating the effect 
of the length of record, although it should be emphasized that much more data 
and study on intensity- area relationships are required before re any improvement 

can be made in the accuracy of frequency determinations. a Bn 
Cc. - Warren T hornthwaite® has shown that with a widely sp: ‘spaced net of 
‘stations it is highly improbable that the maximum rainfall occurring in a 

storm will be recorded at any station. . This i is illustrated by the fact that no 

gage recorded t the rainstorm which produced a flood on the Republican Riv er 
‘in May, 1935. 7 If maximum quantities are not recorded for all rainstorms, the 
computed maxima to be leteeeaal with a certain frequency certainly will be 


An average - frequency value for an area calculated from the data for several 


‘stations will be e representative | for. any y point in in the area or only if the rainfall 
_ characteristics are fairly uniform throughout the | area. . Although no area in 
_ the United States as large as a quadrangle of 2° of latitude and longitude i is - 
homogeneous with respect to its rainfall characteristics, the engineers of the 


Miami Conservancy District stated that the station- -year method, as used in | 


. nee that the rainfall characteristics, especially with regard to high 


rates of precipitation, are essentially uniform at all points within the 


of a: a 2- -degree quadrangle o of the earth’s 


: ee recognize, , of cour: course, ‘that this supposition : is not strictly true because on 
the charts « of pluvial i indexes"! they have e drawn iso- -pluvial lines which indicate 
transitions from one pluvial index to another across a 2° quadrangle. ie D: 


Baie: 8 **A Statistical Method for Estimating the mr yd of a Station-Year Rainfall-Record,” by Katharine 
Clarke-Hafstad, Transactions, National Research Council, Am. Vol. 1938, 


Reliability of Rainfall Intensity- by Cc. ‘Warren Thornthwaite, 
cit., Vol. 2, 1937, pp. 476-484, 


—-10*Storm "Rainfall of Eastern United States,” Miami Conservancy District, — ‘Staff, Technical 
Pt. 5, Revised Edition, 1936, Dayton, Ohio, p. 6 
Loc. cit., 13-36, pp. 69-80. 
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Since it is obvious that no quadrangle o of the earth’ ’s surface will have 


considered. _ More representative frequency- intensity values could probably 
be obtained by calculating the averages for overlapping circular areas whose 


radii would be equivalent i in length ti to one side of a 1° quadrangle and whose ; 
centers would be corners of 1° quadrangles. 


~ More accurate values might be obtained, also, by selecting the homogeneous 
areas on the basis of regions having | the same pluvial indexes as shown by the 
iso- -pluvial lines on the Miami charts. Prof. Eugene L. Grant," M. Am. Soc. 
_ C. E., has proposed the use of the x?-test to delimit a homogeneous area 
peony pluvial index would be representative of any point inthe area. 
* In regions with mountains or other features that result in great differences 
characteristics in short. distances, it | is practically impossible to 
obtain average frequencies: that have any real significance for large areas. A 
very dense and uniformly spaced net of rain gages would be necessary to record — 
very dense an y sp gag y 
a the areal differences in order that the average value would represent the 
area as a whole, and even this \ value would depart greatly from the true value 
_ for certain parts of the area. Average frequencies for mountainous parts of 


the United States are especially unreliable because in these regions the rain 
gages | are insufficient in number and are located chiefly in the valleys, 
it -~ An irregularity | of station spacing will seriously affect the values of average 
oe in areas with non-uniform rainfall characteristics. If there are 2. 
of eg in any area, several miles apart, 0 one may record 3 occurrences of a 
bs certain a amount fF per ‘year, and the other gage 6 such oc occurrences; but if there 
ef had b been a third gage so close to the gage recording 6 occurrences that it 
gave an identical record, the average for the area would be. distorted i in favor. of 
the higher number of occurrences . Since there is probably no with 
_ absolutely uniform rainfall, an irregularity of station spacing will affect all r 


frequency determinations to some extent. 


al _ The accuracy of frequency values depends to a very great di degree upon the 

all de 
: adequacy y of the sampling of rainstorms. It is logical to question whether, 


rainfall quantities are being. obtained. This” depends not only” upon the 
number and distribution of the stations, but upon the relation of this distribu- 

tion to the distribution of precipitation. 

- | _ In general, rainstorms are of two types: (a) Those of wide extent lesieihinien 


in : from a given | net of recording § stations, fair and adequate samples of f the various _ 


gh . hundreds of thousands of square miles, and characterized by a small range of 
ne intensities, which results in a rather uniform rainfall pattern); and (b) those 
in area to a few hundred or thousand square miles (characterized by 


a wide range of intensities resulting in a very spotty distribution pattern). 
_ Gradations from one type to the other occur, and combinations of the 5 two 


The fundamental distinction between these two pa patterns is based on the 


“type of physical process that | causes: the precipitation. . The spotty rainfall | =. 
pattern results primarily from rain originating through a convective process; 


the widespread homogeneous pattern almost results from frontal 


Am. Soc. C. E., Vol. 103 (1938), p. 384. 
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more dom air the point where the moisture condenses. 
The two general types of precipitation patterns are illustrated by the oma 
of November 12-13 and August 9-10, 1937, which occurred in the Muskingum — 
: Watershed in Ohio (Fig. 1). ~ Rainfall measurements from the 500 automatic 


~ recording gages installed by the Soil Conservation Service | on the 8, 000 sq 
miles of this watershed provide the data for the maps of these storms. The 
November storm illustrates the uniform pattern in which a large area received 
very nearly the same rainfall in a 24-hr period; and the August storm illustrates. 
spotty pattern with large ranges in amount in small distances. 
A wide : spacing of stations would suffice to. give a fairly accurate value of 
the av erage frequency of rainfall quantities if all storms were of the large- 
area, homogeneous type shown in Fig. 1(a); but a more dense net would be 
oa necessary to obtain the same degree of accuracy for the quantities a associated a 
with a spotted pattern like Fig. 1(b). — Since the storms of more ‘uniform 
- intensities, in general, are those of low intensities, the frequencies will be more 
accurately given for the smaller amounts. Very high rainfall may occur over — 


large areas and give a fairly | uniform pattern. Such storms are rare, , however, 
and produce the widespread major floods such as that experienced i in the Ohio ‘ 
‘Valley in January, 1937. A few stations would suffice to give a good sample . & 


LC of the intensities in such storms, but very many years of record are required 


to give reliable v values of ‘their frequency. — On the other hand, there : are @ many ry 
but associated with the spotty type « of rainfall, in which there may be several 7 ee 
centers of small area | receiving very heavy rainfall. _ The ‘many flash floods 
that occur throughout the United States every year, washing out soil conserving ~ 
terraces and small dams, result from this spotty type of 
“small relative to the average spacing of stations that many occurrences are not 
observed. and consequently | their frequencies cannot be determined accurately. 
WwW hen several years of record are available from a battery of closely spaced | 
q ‘stations, s such as that operated in Ohio by the Soil Conservation Service, it 7 
will be possible to | make comparisons of the average frequencies derived from i 
‘spacings and locations of stations, and consequently to provide 
rections to be applied to the frequencies | obtained from widely spaced, poorly * 
distributed sets of “recording stations, in ‘regions with rainfall characteristics 


a The Length of Independent I Record.— —The second factor | to be considered in 
io estimating the reliability of an average frequency of specified rainfall is the 


the reliability of a mean frequency based on data from a single station is a 

function of the length of record for that ‘station, because the longer the record 
| the more occurrences there will be - upon which to base a frequency calculation. 7 


length of record from ym which the average was determined. It is obvious that 


This must be true, also, for ¢ a mean frequency based on the data from several 


stations i in an area. The station-year method simulates a long record for | a 


a 
- single station by placing contempory records, from several stations, end to end. 
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Prec fora a ‘single station, it obviously cannot be saanel that 1 more actual 
years of time are being ‘sampled by this expedient. a A record from 10,000 rain 
gages operating on an area for one year cannot replace 10,000 actual years of 
7 record for one station although both records could | conceivably include the 
same number r of storm experiences. — The reliability of an average poseagtnd 


"computed from these two 10,000- station-year records might be the s: same , but 


only if each rainstorm of given intensity affected only one station. 


The use of additional station records does not increase the reliability of 7 
the: frequency determinations in direct proportion to the number of station q 
records that are used. An average frequency for an area calculated from a 
-station- -year record ie: several stations, however , is more reliable than one 
calculated from the record of one of them. — Because of the spottiness of rainfall, 
‘certain precipitation amounts will be recorded at some stations and not at 
others ¢ during a 2 period o of years, and the inclusion of records from om many | stations 
will increase the likelihood of including i in the calculations of the mean frequency 
> Regardless of how many station years : of record are used, there will always 
‘be a certain degree of unt reliability in the frequency determinations simply, - 
because th the actual years of record are 1 not sufficient to ‘sample all the possible i 
annual variations in the rainfall characteristics. If every year had the same — 
characteristics and if there were no abnormally wet or abnormally dry years, 
then, of omens, any one year of record would give as reliable values as any 7 
other year. Furthermore, if there are cyclic or secular changes in rainfall, 7 
the frequencies from data obtained ‘during a part of a a cycle or period 1 may not 
be applicable to other ‘parts of the eycle. The Miami engineers recognized 
that the station-year method was valid only if “there are no permanent “dl 
cyclic climatic changes affecting the occurrence of high rates of rainfall.” 
‘This might. have been expressed i in another way by saying that there will bea 


high degree of unreliability i in the frequency values if there are ‘cyclic o or per ma- 


nent changes i in the occurrences of high rates of rainfall. es eo 
A quantitative measure of the reliability of average frequencies is needed 
in order to compare the reliability of the frequency value obtained at a single ~ 
station with that derived from the composite record of several stations. 
as _ In any sampling process the reliability of an average is proportional to the 
= root of tne number of observations ons upon which the average was de- 
termined. 4 The conventional method of exp expressing the reliability of a mean | 
is in terms of its expected fluctuations, these fluctuations being } measured by 
the standard deviation. The s standard deviation of a distribution of means is 
. ee the standard error ( of the mean, and for a normal distribution it is is equal - 
to the standard deviation ‘of the sample divided by the square root of the 
number of values entering the mean. Certain —- relations exist wae een 
_ that differ from the mean for the entire population « certain specified eave. 
From these established ratios it is possible to indicate the e: extent to which . 
additional samples may ly be expected to vary from the av average ‘obtained from 
a a single e sample. Suppose, for example, that in in a 500- “yr rainfall record for a 
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single station, 100 occurrences of a certain amount are observed, giving an 
4 average of one occurrence in 5 years, and t! that the standard error of this mean 


is 10% of 5 years. 2 hen, knowing the relationships between the size c of the T 7 


standard error of the mean and the distribution of values in the normal curve, 
7 one could say that there are 99.7 chances out of 100 that the mean computed 
~ for these 500 years Gf they are random) is. not more than three times the 
|= standard error or 30% away from the true average for many ‘thousand years; 


‘and there are 68.3 chances out of 100 that this mean will not exceed or fall. 
short of the true mean by more than the standarderror, 10%. 2 
The ust usual formula for the standard error of the mean cannot be applied to — 
j frequencies of rainfall because they do not form a normal distribution but . 


rather a discontinuous one of the Poisson For this distribution type 


is the number of independent 
For the foregoing example, the calculation of the average frequency and and its 


liability would be as follows: | tan ees or 5 years + (10% of 5); or © 


‘5 years + 0.5 Syear, 


(if a an average e can be said to be from a a single observation) 

of once in the total years of record. When the number of observations, No, 

upon which the mean is based is small , generally less than thirty, the usual | 


7 w fails to give a reasonable estimate of the error, and aot 


he a a better though not rigorous approximation (it is inappropriate to 
discuss _ herein the difficulties involved in determining the errors in means 
_ derived from a few observations. — _ Detailed consideration of the problem has 
ae given by W. N. Bond" in 1935 and by G Udny Yule’ in 1936). The 


given by + or ©, This can be inter preted only as meaning ar a 


single observation on gives no clue to the size of its error; in other words, nothing 
actually j is known n concerning the frequency of a rainfall quantity from a single 
observation of its occurience. Very high degrees of unreliability are ——— 
tered in the expectancies of all high rainfall quantities, inasmuch as the greater 


the depth the smaller will be the number of occurrences. Tae 7 


Determining the reliability of an average frequency for a single ‘Station 
record is a relatively simple statistical procedure. - The next problem c concerns oe 


‘its determination for a composite station- year record. 
Referring a again to Fig. 1(b), one sees that. pein this storm | period 


‘stations received 3.5 in. or more ofr rain, If each of the 500 rain gages in this 


area operation for one year, , there would be 500 station years of 


- “Statistical Methods for Research Workers,” by R. A. Fisher, London, 6th Ed., 1936, pp. 50-38. a 
MsProbebility and Random Errors,”’ by W. N. Bond, London, 1935, pp. 45-65. | 


a “An Introduction to the Theory of Statistics,’ by G. Udny Yule, London, 1936, PP. 277-278, and 3 353. ‘ae 
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this watershed during one ‘year. , be 500 occurre 


one occurrence of 3.5 in. per year. If in this one year of record, instead of 
100 storms, there | were 500 separate st storms each _ affecting only one station, 
or if there: were one large storm covering the entire area and { giving 3.5 in. - 
all 500 stations, the total number of occurrences of 3.5 in. would be the same, 
and likewise the average frequency of such an amount would be the same, 

The station-year method will give the | ‘same average frequency for a giv en 
number of station years and total occurrences regardless of the combination 


of numbers of storms and numbers of stations receiving the given amount 


which m: makes sup the total il occurrences. 
_ Inso fara as the : average frequency 1 will indicate how often, on on the ay average, : 


be agreed that n more onda be in an average | f 
from 500 storms than in one based on only one storm. A single observation | 
of a storm in a period of record, ‘regardless of how many stations recorded — 
storm, tells nothing about its frequency. _ The storm that resulted in the 
great Ohio flood of March, 1913, provided i of the 16 ‘Six- -day amounts of 
8.7 in. or more of rain in a 1,650 station-year record.!° Z The a average frequency 
of this 8.7-in. rain ‘is given as once every | 100 years; but the fact that this 


storm occurred once in 1,650 station years (or even 16,500 station years, if 


ie can be joanna once every 100 years, 0 or once | every ry 1 ,000 years. Inc other _ 
_ words, the reliability of an average frequency, expressed as a standard error, 
should: not be calculated from the total occurrences of a given amount in a 
-station-year record, but rather from the number of storms. es 

In studies involving the station- year method, no reference has been found 
concerning the reliability of the pluvial indexes; in fact, the number of storms 
of given intensity is not recorded, and hence s standard errors for the » average: 
frequencies, based on the number of storms, cannot be determined. ae 
The rainstorm itself is really the independent event whose frequency one 
aa like to know, but since the available data are not in such a form that 
“if frequencies can be calculated, it is assumed in this paper that the 24-hr 


rainfall period constitutes storm, and i is is the independent. event. 


in area were of the same areal extent, and if there were equal and fixed 
distances between recording s ‘stations so that the same number of stations 
recorded the the specified amount in every such storm that affected. the area, 
then one could simply divide the total | occurrences of that amount in the 
that is, the number of independent ‘events upon which the reliability of the 
_ average frequency should be based. Since storms of a given intensity do not 
always affect the same number of stations, the average | number of stations 
affected by storms of this intensity may be used instead to determine the 
_number of storms. This average number of stations will be designated : sia 


6“Storm Rainfall of Eastern United States,’’ Miami Conservancy Eng. Staff, T echnical — 


Reports, » Pt. ‘5, Revised Edition, 1936, Dayton, Ohio, Pp. 66. 
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is again the ca case of "100 occurrences of rainfall of certain depth, , 
this time occurring in a ‘station-year record of 500 years derived from 20 years” 
of record for 25 stations. | Suppose, in this ¢ case, that the average number of 
stations recording the given amount in each rain period of 24 hours were five. 


There were, then, — or 20 ) independent rain periods. 
5 


and its standard error would be given by g or + 22%; 


or or 5 years 1. 1 years. 
Compared with the average frequency for the 500-3 -yr record for a single 
station, which had a standard error of + 0.5 year, one notes that, although 
the frequency remains the same, the reliability is less when determined from 
3 the number of storms in a station-year record than when determined from the 


single station record of equivalent length. 

_ It has been shown that the reliability of the average frequency should be 
"determined from the number of of independent events (that is, from the number 
4 of storms), , and that this number ma may be obtained by dividing the total number 
of occurrences in the station-year record by A Na. The fact that frequently 
7 ‘more than one station records the same storm may be described as , dependence 
- between stations. One phase of this problem of determining the reliability of 


the average frequency of rainfall quantities becomes, then, one of calculating 
the dependence between recording stations 


Although | it is possible to use » the iad number of stations per ‘storm: 


- ‘Teet ceiving the g given rain quantity as the index of dependence between stations, 
another measure of dependence will be described herein that i is an even better : 
i ndex up upon which to base the reliability determinations. This index is calcu-— 
- ated by a statistical technique, devised by J. Bartels,!”: 18 and proposed origi- 
nally 4 for testing persistence in observations taken at equal time intervals. 
- (A series of numbers having “‘persistence”’ is called a correlative series. 
isa tendency i in such a series for high values to be followed by high values, 
and 1 low values to be followed by low values. ) In the case of a time sequence 
a successive observations are affected by a single event because of its extension a 
; 


| 


in time; in the station-year record of rainfall amounts, adjacent stations may 

be affected by a single event because of the areal extent of the storm. _ 

‘The technique for testing persistence is based | on the fundamental theorem 
of probability that i ina random series of numbers the ratio: of the oe 

deviation of the means of equal-: sized ‘groups of these numbers to the sta andard — 

deviation of the individual nur numbers of the series is equal to unity | divided by 

the square root of the number of values in the groups (‘ ‘randomness,” as used _ 

_ herein, means that, on the basis of the numbers up to a certain point, the 

chance for the next number to be higher or lower than the mean for a long = 


series is equal or unpredictable. — A series of random numbers can be most _ 


Morphologie Geophysikalischer Zeitfunktionen,” by J. Bartels, den 
- Preussischen Akad. der Wiss. Phys.-Math., Klasse 30, 1935. 


“Geomagnetism,” by S. Chapman and J. Bartels, Oxford, Vol. 1940, 582-5 585. 
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of eee and forms the average for each of these groups. These 

averages will approximate the normal more closely than the individual values. 7 

_iTf, for example, groups of 25 ordinates were used, the scattering of the group _ 


=1: V25; or = —=. In general, if groups sof 


of 25, are formed, o, = —. 

‘Returning to the theoretical case of 25 stations, each having 20 years sof 


end, ‘and storms of given depth always affecting 5 stations in each storm: 

From the 20 ) years: of record for these 25 stations one ‘may express the relation- 

ship between the standard deviations of the total occurrences for each y year | 
_ in the groups of 25 stations, and the ‘standard deviations of the number of 


occurrences at the individual stations each year as 


ON 
‘Substituting s s for 25 and Na for 5 in Eq. 1: ‘ 


(2) 


in’ which equals the number of stations on n the a average receiving th the giv en 


mount in each storm day. 
se To show how this his technique m may be applied to a set + ee: data, assume 


- that one had 10 years of concurrent record for 10 stations. The total occur- 
‘Tences of a certain rainfall amount at each station for each year could be set up 
in a table of 100 values, with the 10 columns representing stations and the 
10 rows representing years. there is no dependence between stations 


will be a measure of the amount the 
Artificial tables of rainfall data have been set up by using random numbers 
introducing a known degree o > of dependence between st stations.?° E 
was tested by calculating Na from such tables. In every case the correct” 


standard error of Na was calculated on the assumption of a normal distributio 


- 19**Random Sampling Numbers,” by L. H. C. Tippett (Tracts for Computers 15, London Univ., 

Dept. of Applied Statistics, 1927), 

oo __20‘On the Bartels’ Technique for Time-Series Analysis, and Its Relation to the Analysis of V ariance.” 
by! L. R. Hafstad, Journal, Am. Statistical Association, Vol. 35,1940, pp. 347-361. 


value of the dependence within the standard error ¢ of Na was obtained (the ee 


easily obtained from a table of “Random Sa -C 
— ippett™), 
ae =o This may be explained more clearly by carrying through the calculations 
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‘since any error - due to 1e to this assumption | will be of second ‘order. A more detailed a 


tion is out of place i in non- -mathematical paper such as s this). 
The > x?-test and analysis of variance _ were tried on the table of random > 
numbers, but since they gave only the information that the numbers in the 

rows were more alike than one would expect in a random sample, and that the 

numbers in the columns were about as in a random sample, these tests were — 

- discarded as naan for the deter mination of Na, the number of dependent 

or 

If the average number of stations recording the given depth 1 in a storm day 
were the same for ev ery” year, and if the numbers of storm days per year 
constituted a random series, then the wales of Na would be be equal to N, Na for the 

In actual rainfall data, a variability exists from year t¢ to year in the average 

number of stations affected per storm, and a greater fluctuation exists in the 
number of storm days than might be expected in a random series . The - 
of Na is determined from the sums of the occurrences for each year, and there 
- are wide fluctuations in these annual sums because they combine the fluctua- 
" tions in the average for each year of the number of stations affected pers storm, » 
and the annual fluctuations in- ‘the number of storms. If. there ‘are wide 
7 fluctuations from year to ‘year in the number of storms, then it is ‘hecessary 
to have more years of data to give an average frequency that is as reliable 
= would be obtained from a few years which had practically tk the same ni number 


In addition to measuring the persistence between stations (average number 
of | Pere affected per storm), Na measures also these fluctuations from year 
to } year, and it is therefore a more conservative, but also a more accurate, 
index to use in calculating the reliability than simply the average number of 
stations affected p per storm. The standard errors will be higher if determined 
from Na than if determined f from n either the total tal occurrences or the number 

oF Na FOR FOR ACTUAL RAINFALL Data IN DETERMINING STANDARD 
= FREQuenctns | OF RAINFALL Amounts: 


The calculation of Na has been made from rainfall data for two areas in ~ 
rent climatic regions. The method of tabulation and 
os calculation will be described in detail for one of these areas. = 
7 Twenty- -one stations in the e quadrangle b between meridians 93° and 95° : west 
a longitude and parallels 41° and 43° north latitude in central Iowa, corresponding _ 


to Quadrangle 14-D of the Miami study,! | were ‘selected to represent that 


> _ Tegion, . Tabulations were made of all daily rainfall depths of one inch or 
more at every station for 32 y years, 1905 through 1936. Only stations at which 
_ observations were made in the evening, , and only those stations having con- 
tinuous records for the entire period, were used. 
were of the total number occurrences at each station 
during each year of daily ‘rains of one inch or more, 2 in. or more, 3 in. or 
more, and 4 in. or more. Table 1 is a sample tabulation and 
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sheet, this one vain for rains of one inch or more in 24 hours. — By substituting 
the values from Table 1 in the formulas, the values of Ng were computed as 


f 


ani 1, ,798. 095 232. 333 


42,041 
Von \ 


N 
9.8476 


rains of v. various s intensities only up up in. more per day. Heavier 
rains were so few that Ng could not be determined with any degree of reliability. 
7 ‘Similar tabulations and calculations were re made from 20 years (1917 through 

1936) of rainfall data for 15 stations in the quadrangle between parallels 33° 

and 35° north, and meridians 79° and 81° west, comprising parts of North and 

‘South Carolina. This area is 7-H of the Miami study. 


OL 


TABLE AND Na, ‘WITH ' THerr STANDARD ERRORS, FOR 
Various RAINFALL IN QUADRANGLE IN Iowa 


AND IN Norra SourH CarouinA 


a IowA Norra AND CAROLINA 


—74241.85 3.52+0.58 8.49+2.68 10-40. 7 


1.72+0.40 3.90+2.08 1.72+0.41 
1.00 1.37 +0.31 1.70+1.07 78 


oe @ Na equals number of stations to be used in calculating the reliability of rainfall frequenc ies, | and. Ne 
equals average number of stations affected by storms of a given intensity. 


2.05 +0.47 © 6.0441. 1.95 +0.47 


in Iowa and i in 1 South Carolina. : ‘The values in the table show that, in general, 7 
ties. hen Na Na unity, the occurrences ma may be « considered 
to be random events. On the “average an occurrence of 3 in. of rainfall will 
affect only 
four si stations would be affected, and this Penge of ; the fact that the stations . 


are more e widely spaced in South Carolina. 


a ‘There are three bases upon which one might ¢ onan a Guten error of | 
: the average frequency of specified amounts of rainfall. One of these is the _ 
a sum of the occurrences, which is the one assumed by the station-year ‘method. = 

~ Another is the number of storms, which is equivalent to the total occurrences" 


as by the average number of stations affected. 4 The third uses Ne ial 


q 
= 
) = V3.4771 
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place of average number of stations. The differences in standard error ‘obtained 
Be - the first and the second of these methods have been shown earlier in the 
paper for a theoretical case. 7 In Table 3 these comparisons are made for _ 


TABLE 3.—COMPARISON OF THE ‘STanpARD Errors or RAINFALL 
REQUENCIES BasEp ¢ ON Toran OccurRENcEs, ON 
or Stor: or StoRM Days, AND. ON Me 


Rainfall, 
inches 


Column Nos. 


(years) Station (years) Station- 
method a ¥ method days” 
Two or more. 0.80 3.4 4.9 1 0.38 3.6 
Three ormore..| 3.10 es | 1.47 7.0 
Four or more. 10.67 12.6 14.7. | 14.0 (approxi- 3.80 | 11.2 14.1 
actual rainfall data for the areas in Iowa and the | Carolinas, the computations 


‘Stations X years 


Occurrences 


Occurrence 


Occurrences 
\ Average number of stations 


/ Occurrences 


ae The availability of either the value of N, or Na makes possible an approxi 


mate answer to the question proposed by C. S. Jarvis,2 M. Am. Soe. C. E,, 
and others regarding the equivalence of a station-year record toa record of 
the s same length for a single station. In the Carolina quadrangle, for rainfalls 
of one inch or more per da day, | on the average 3 stations record that amount in 


a rain day. As a result there are only = or 5 independent stations. The V 

station-year record for this quadrangle of 300 station years (15, stations for 
. years each) could not be considered equivalent to 300 years for a single - 


Transactions, Am. Soc. C ol. 103 (1938), p. 394. 
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_ better to use the value Na rather than Ny. This would give 36 valid station — 
‘ye years for rainfalls of one inch for the Carolina quadrangle. . 


ERRORS FOR OF 


the basis of the degree of persistence in the data, it is possible to give some 
of the reliability from the total number of oceurrences of the given 
are depth appearing in in the station- year record. 
A practical application | of the standard error as a measure of the reliabilit 
of rainfall frequencies may be made in connection with the charts of nas 
indexes for quadrangles in Eastern United States, published by the Miami 
Conservancy District. a For each 2° quadrangle these charts give the maxi- ; 
mum rainfall (one day to six days) to be expected once in 15 years, 25 years, 
50 yea years, and 100 years. There i is given, also, for each quadrangle the total — 


of years used i in computations.” The number of 


stations affected per. storm. For the foregoing reasons it would be still. 


of rains in order of depth. For example, for Quadrangle 
: Fig. 2(d)) in western Ohio, the pluvial-index of 5.2 in. for the 100-yr frequency 

has a rank of 15, obtained by dividing 1,524 (station years) by 100. ; In other © 
words, this pluvial index with an expectancy of once in 100 years was based 


on 15 occurrences. A percentage standard error in the frequency may then 
be given as —==, or 26%, and the average frequency should be written as 


100 years + 26 years. 1 A percentage standard error on mn the basis of wy aq 


100- yr, 50-y -yr, and 15- ~yr and these percentages are shown 
in Fig. 2. ‘Errors were calculated from the total occurrences with no correction 


for dependence in in the data. 


of years of record, and the number of stations, the reliability of the frequency : 
ov will be least for high rainfall amounts in quadrangles with the fewest station 
- years of record. It will be seen that about one fifth of the quadrangles have 
roxi- standard errors: of 50% for the 100- “yr pluvial index. these quadrangles 
‘Eo ; : the expectancy y should be given as 0 as once every y 100 years + 50 years. 


- mm | Itt has been shown that two factors affect the accuracy of average frequency 


_ values of precipitation determined by the station-year method—the number 
and distribution of stations and the length of _ independent record. The 


second of these factors has been discussed in some 2 detail. It has been shown 


#“Storm Rainfall of Eastern United States,’” Miami Conservancy District, Staff, Technical 
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— average mem number of stations . The differences in standard error c obtained 


paper for a theoretical case. In Table 3 these ¢ comparisons are made for the 


‘TABLE 3.—Comparison OF THE STANDARD Errors oF RAINFALL 
Frequencies Basep ON Toran OccURRENCES, ON 


orm Days, rs, AND ON ON Na 


NUMBER OF Srorm 


Rainfall, 


by | the first and the second of these methods have been ‘shown earlier in the ' 


ches 
(years) | Station- ears) Station- 


year N year Storm 


method method | _ days d 


(1) 

Two or more... 0.80 

Three or more. 3.10 
our or more. 10.67 0 (approxi- 
mately 
mately) 


actual rainfall data for the areas in Iowa and the | Carolinas, the aye 


Computation 


Stations X years 
— 


> 


 Qeeurrences 
\ Ave erage number of stations / 


” ‘The availability of either the value of Ne or Na makes possible an approxi: 
to the question proposed by C. S. Jarvis,2 1M. Soe. C. 
‘the others regarding t the equivalence of a station-year record to a record of 
- same length for a single station. | ‘In the Carolina quadrangle, for rainfalls 
a one ‘inch: or more per day, on the average 3 stations record that amount in 


a rain day. As a result there are only 3 or 5 independent stations. The 


_— record for this quadrangle of 300° station years (15 stations 7” 
20 years each) could ‘not be considered equivalent to 300 years for” a , single 


Transactions, Am. Soc. C. E., Vol. 103 (1938), p. 394. 
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‘station, ‘but would be more nearly equivalent to 5 to 5 X 20 or 100 years; | one 


might call this the valid station years of record based on n the average number 
of stations affected per storm. For the foregoing r reasons ‘it would be still — 
better to use the value Na rather than Ng. This would give 36 valid station 
4 = for rainfalls of one inch for the Carolina cite 


the true reliability of values should be determined on on 
the basis of the degree of persistence i in the data, | it is possible to give some 
indication . of the reliability from the total number of occurrences of the | given - 
‘rainfall depth appearing in the station-year record. 
r A practical application of the standard error as a measure of the reliability 
of rainfall frequencies may be made in connection with the charts of pluvial 
Sw for quadrangles in Eastern United States, published by the Miami 
Conservancy District. ue For each 2° quadrangle these charts give the maxi- 
mum n rainfall (one day to six days) to be. expected | once in 15 years, 25 years, — 
50 years, and 100 years . There i is given ven, also, for each ‘quadrangle the total 
number of station years used in the computations. The number of station 
years divided by 100 gives the rank of the 100-yr pluvial index in the series" 
of rains arranged in order of depth. For example, for Quadrangle 8-E (see 
Fig. 2(d)) 3 in western Ohio, the pluvial-index of 5.2 i in. - for the 100- -yr Seqemey 
has a rank of 15, , obtained by dividing 1,524 (station years) by 100. Ih other | 


_ words, this pluvial index with an expectancy of once in 100 0 years was based 
15 occurrences. “percentage standard error in the frequency may then 


be given as —=, or 26%, and the average frequency should be written as 


100 years + 26 years, A percentage standard error on mn the basis of all occur- 


-rences has been calculated for all quadrangles of the: Miami study for the 
100- yr, 50- -yr, 25-yr, and 15-yr frequencies, and these percentages are shown 
in Fig. 2. _ Errors were calculated from the total occurrences with no correction 


for dependence i in the data. 
‘Since the number of will the e intensity, he number 
of years of record, and the number of stations, the reliability of the a 
will be least for high rainfall a amounts in quadrangles with the fewest station 
ye ars of record. . It will be seen that about one fifth of the 1e quadrangles have 
standard errors of 50% for the 100- -yt pluvial index. For these 


the. e expectancy | should be ; given as once every 100 years + 50 years. 


int in 
ve os of precipitation determined oe the station- -year method—the number 


ae. and distribution of stations and the length of independent record. ; The 


ns ws "second of these factors has been discussed in some detail. It has been shown 
single 
singe | GS Storm Rainfall of Eastern United States,” Miami Conservancy District, Eng. Staff, — 


Reports, Pt. 5, Revised Edition, 1936, Dayton Ohio, Fig. 37, p. 81. 
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'STATION-YEAR DETERMINATIONS 
that the reliability. of ‘the frequen ney, as far as it is related to the length of 
- gecord, can be expressed as a percentage error in the average frequency. / An 
index of dependence, Na has been proposed as the best basis yet devised on 
which to compute the standard errors, 
is A measure of the reliability of frequency-intensity values can be helpful to. 
_ those concerned with the design of soil- conservation and flood- -control struc- 


tures, since the n margin of safety to be allowed in design | should be i in proportion. 
to the of the f frequency determinations. 


average frequency, primarily because it bes not yet been possible to Pi acta 
accurately the areal extent of storms of certain intensity. — ~The question of the 
adequacy « of sampling of rainstorms, also, depends 1 upon the size and structure 
of rainstorms in relation to the spacing of of rain gages. The fundamental data a 
for studying rainstorm morpholog gy are only n now becoming available through : 
the establishment of dense networks of rain gages such as those in the Susque- 
hanna, Muskingum, and Tennessee watersheds. 
vocal New projects in the study of rainfall frequencies and intensities, , therefore, 
will make use of these additional data in considering the sizes of storms and 
_consequen ntly the adequacy of sampling with various spacings of recordi 4 
stations. ~A great weakness of the station-year method is its failure to indicate 
the areal extent of rainfalls of certain intensity and frequency. Studies of 
; ‘rainstorm morphology | should | supply this deficiency by making possible the 


‘determination of the maximum depths c of rainfall - which will cover a certain — 


area and occur with a given frequency. The probable frequency of 
volumes of runoff can then be determined more accurately than can be done 


now with a al index referring only to a point. 
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CAVITATION IN OUTLET CONDUITS | 


HAROLD A. THOMAS, Soc. C. AND Emit P ND Emi 
“SCHULEEN,” Assoc. M. AM. Soc. E. 
Synopsis 
Occurrence of severe ‘cavitation iomeae to the concrete surfaces of the 

outlet conduits of the Madden Dam, i in the Panama Canal Zone, supplied t the 
inoentive to carry: on extensive studies by means of Ia 


its of the Tygar rt 


minimizing ‘future damage in conduits of the Madden en. ‘Similar 


7 studies, ona less elaborate scale, were conducted i in connection with the design 


of the Bluestone Dam in Ww est Vi ‘Virginia, 1, Hiwassee Dam i in North ( Carolina, 
and Redbank Creek Dam i in 


The d development of cavitation- testing facilities of t two types, known re- 


specti tively as | the “enclosed- tank apparatus” and the e “diverging-tube appara- 


’ 


tus,” i is deatin’, and the hydraulic theory pertinent | to the making of cavi- 


ation tests in these facilities i is presented. A given of cavitation 
_ studies conducted on models of the conduit entrances of the Madden Dam. 


« 


In the late summer of 1935 the pouring of concrete in the — portions 
of Tygart River Dam was in progress under the direction of the district engi- 
neer, U.S. _ Engineer Office, ‘Pittsburgh, Pa., when word was received from the 

: -anama Canal authorities that the concrete in the entrance portions of — 


conduits in Madden Dam had been seriously damaged by cavitation. . Since 


the conduits to be placed in Tygart River | Dam were identical i in cross — 
s those in Madden Dam, and differed only ‘slightly in entrance ‘curvature, 


concern was naturally felt regarding the possibility of cavitation also oceurring 


Nore.—Written comments are invited for immediate to to insure 
discussion should be submitted by March 15,1941, 


*Prof., Dept. of Civ. Carnegie Inst. of Pittsburgh, Pa. 
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(CAVITATION 
e Tygart — Dam conduits. To test the design for such a ‘possibility, 
es to provide means for analyzing possible alterations i in design to eliminate 
cavitation, should such be found to exist, arrangements were made with the 
‘Hydraulic ] Laboratory of the Carnegie Institute of Technology, in. Pittsburgh, 


o construct and test a model of the Ty gart conduit entrance. a - nena 


The tests to be undertaken under this arrangement were of an unusual 
“nature for which there was little precedent, since a search of records of cav ita- 7 
tion tests disclosed none - of models of existing or proposed conduits designed 
for high velocities. Itw as necessary, ‘therefore, to design a complete testing a 
7 apparatus in order that correct scale a of the absolute pr pressures | 


accurate reproduction in the model of cavitation effects which might appear 
ins the 2 prototype if the entrance were improperly designed. As & means of 
: = the accuracy with which prototype phenomena were reproduced, a 
- model of the conduit entrance in Madden Dam was constructed and tested, 
and tle results compared with data on cavitation and damage i in the prototype 


as reported by the Panama Canal authorities. 
AS the tests 8 progressed, the Governor of the Panama Canal Zone took an 
increasing | interest in the work and in the early spring 0 of 1936 officially Te- 
quested that tests be conducted to develop : a feasible means of eliminating or 
‘alleviating the cavitation action and resulting damage in the conduits of 
Madden Dam. By this time, tests of the conduits designed for Tygart River 
Dam had been ‘substantially completed, so that the testing apparatus could 
then be made available almost exclusively for tests of models of the conduits — 
in Madden Dam. ¥ Jarious designs of entrance curves for conduits were tested — 
ins developing ¢ a 1 design that might be readily installed in the prototype at a 
‘minimum cost. A suitable design 1 was evolved and a . report was in t the final 
Stages sof preparation when the Gover ernor of Panama Zone requested 


the previously developed allege to determine its s adequacy at mnies higher 
Bos as well as its adequacy ° when the two conduits of a pair were operated — 
together (previous tests had disregarded the effect of an adjacent conduit i in 
operation) ; (b) further study: of a bellmouth entrance designed by the engineers 
at the Panama Canal; (c) studies of the degree of gate opening that could be 
permitted v without « destruetive cavitation occurring in the conduit entrance; 
ao (d) various schemes for increasing the pressure in the critical area by = 
arge end; and (e) various studies 
ser fillers s for stop- log slots, venting of the conduits, ete. The second — 
= of tests was completed during the winter of 1937-1938 and a report was 
made the following s summer. 
ed During and subsequent to » the t tests at Madden Dam, the e availability of the 
cavitation apparatus at the Hydraulic Laboratory of the Carnegie Institute of 
_ Technology permitted the testing of conduit entrances for for several other dams, 
‘among which may be mentioned the ne Bluestone, Hiwassee, and Redbank 


Creek dams. 
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member 1 940 IN CONDUITS | 


manuscript from which this paper is condensed, the original being on file in 


EFFECT IN Messen Dam Conpurrs AS ORIGINALLY DESIGNED 

AND CONSTRUCTED 


8 a concrete gravity structure comprising part of the 


nama Project, pierced by six rectangular conduits, located 
shown subsequently in Fig. 12. _ These conduits : are grouped in pairs and are 
{ “controlled by service and emergency slide gates. Each is 5 ft 8 in. wide and 
possess under a maximum head of 155.3 3 ft. The upstream or intake ends 
® the conduits, which are the points of particular interest in this paper, were. 


flared in the construction on a radius of 4 ft ft as Fig. 


f 
r 


LINE OF CONDUIT 
Re. 


|stop- (a) VERTICAL SECTION SECTION 


fore, are unprotected by metal cedene over er the initial 12.89 ft, this mea measurement 
including the stop-log slot and guide. 
_ The reservoir was placed i in operation in n 1934, and the conduits were in 
0 at various times during the process of filling the reservoir. , By March 12, 
1935, the water level had been | lowered to an elevation one foot above the 
pillway crest by discharging over the crest while making spillway tests, 
the conduits ts were then placed in operation to cc continue the release of impounded 
: water. It was observed at once that the operation n of the conduits was : accom- 


29 West 39th Street, New York, N. Y. 


‘**Hydraulic Tests on the Spillway of the Madden Dam,” ty Richard R. Randolph, Jr., rvencedions, 
Am. Soc. C. E., Vol. 103 (1938), p. 1080. 
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ye 7 are steel-lined for a reach of 48 ft in the vicinity of the slide gates but are — : as 2 
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4 CAVITATION IN CONDUITS 
_=T by a loud crackling a and popping noise which was particular ly noticeable 
in the slide- “gate galleries. - However, operation was continued at the full: 
7 “capacity of the conduits until March 15, 1935, when a porous s tile drain in the 
partition wall between Conduits 1 and 2 ” began to leak water into the gallery. 
‘It was then concluded that the crackling 1 noise and the leak which had devel- 
© Be were the result, respectively, of cavitation and its damaging effect in the 
entrance portion of the conduit. It was decided to reduce the cavitation action 
by throttling the discharge by partial closure of the slide gates. The crackling 
_ noise or crepitation ceased when the gates were closed to ) the 90% open posi- ; 
y tion, and the gates were left in that | position during the rema remaining process of 
After the reservoir had been completely jules the conduits were inspected _ 
, d the damage that had resulted from cavitation was recorded. r The inspec- | 
va tion rev vealed the fact that the cavitation action had seriously eroded the walls _ 
and tops, or ceilings, of the conduits by pitting the concrete to depths of as 
much as almost 2 2 ft and in many places by exposing reinforcing bars that had 
originally been 10 in. from the surface of the concrete. _ The severity of the 
damage may be noted in Fig. 2, which shows erosion typical of that which 
7 Becsccer in all of the units. except Conduit 3. - In the latter r conduit, damage > 
Was slight because it no operated at high heads for only a comparativ ely P| 
short total period of time. - ‘Fig. 2(a) is a view of Conduit 1, , facing downstream. 
It shows pitting of the sonata on the top and upper part of the right side- wall. - 
Note the reinforcing bars exposed on the top of the conduit, and also note the 
beginning of the steel lining on the right side-wall at the left. - Fig. 2(b) isa 
view facing toward the intersection of the e top. and d right s side-wall at the extreme 
upper end of Conduit 2 and shows damage to those two surfaces of the conduit. 
Note t the intersections the and side- “wall entrance curves with the 


person and the upper aoe of the a sid walls of t the conduits as is indicated by 
‘Fig. 3, which shows, by contours and | cross sections, the ¢ damage to the top 
. This also i is typical of the damage to all units — 


; A résumé of the number of hours and minutes that each conduit was oper- 

; ated at various heads during the first season of operation, and the resulting | 
damage | as indicated by the maximum depth of pitting and the v volume of 
concrete disintegrated and removed, is given in Table 1. {Si “eee 
_ Disregarding Conduit 3, where damage was comparatively : slight, analysis _ 
of the data 1 in ‘Table 1 indicates that the conerete on n the tops of the conduits: 


5 ft, whereas the side- 


‘Se. the time in which the conduits - were e operated. at 90% pon opening apr 
a: previously explained, cavitation was reduced to a minimum), the data for 
Conduits 1, 2, 5, and 6, as given i in the: table, indicate progressive increase 


operation at heads greater than 45 ft. However, ¢ 
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Factne DownstrREAM TowakpD THE INTERSECTION OF THE Top AND RIGHT | 
Srpz-WaL oF Conpvuits, Mappen Dam 


CAVITATION IN CONDUITS 


a Conduite 1 and 2 with those for Conduits 5 and 6 shows a a tendency for the 
rate of disintegration and removal of concrete to become less as the conduits 


are subjected to greatly i increased hours of operation at high | heads. ‘This may 
7 be explained by the tendency for the erosion on the top of the: ‘conduit to 
ae become stabilized but to continue to progress down the side- walls, as will be 
discussed more. fully in comparing the cavitation region or with the 
; eroded area in the section, * ‘Behavior of Original Madden Entrances i in Models. a 


Hours AND » OF OPERATION? 
Approximate | 


MaximuM~ | VOLUME or Concrete 
Full Gate Opening At 90% Gate » Opening DeprH oF -REMOVED 


(Fr) 


Head Range Head Range 

45-95 95-145] 4 


1:53 |136: 29:08 29:08 

3:41 ~ }131:05 |211:06 
43:22 25 : 9:39 |119:52 |199:31 
67:02 |165: 2: 719 |131:06 |210:25 
231:58 256 :25 |131:02 |209:27 
32:35 3: 35:56 - 131:00 |208:08 


=. Includes all operations from the time gates were first closed to impound water until March 28, | 
>’ Values given correspond to maximum depth contours shown on drawings fe for each conduit similar to 


Ss studying ng the data of Table 1, it m: may be noted that Conduit 4 was ap- 
® : parently better able to withstand the ravages of cavitation than were Conduits 
+5 and 6. - Conduit 3 3 was in operation under high heads for r only a few 


hours. ) explanation | can be given for this inconsistency other than the 


possibility that the concrete in the region of of f the entrance to C Conduit 4 was of 


unusual strength. Records of compression n tests made on samples of the con- 
4 arete placed i in the regions of the various conduit entrances gave 28- to break- 


a Asa further indication of the quality of the concrete in the conduit entrances 
in general, it may be mentioned that the inspection revealed all loose or dis- 


integrated particles of concrete to have been removed by y the terrific scouring 
action of the water. The remaining concrete in all damaged a areas was ragged z 

_ a : and sharp but otherwise in sound condition. It is evident, therefore, that the 
cavitation action must hav have exerted terrific forces 3 on the 1e particles of concrete 


making up the conduit surfaces, 1s, particularly if consideration is given to the 


j comparatively short total periods at which the various conduits were operated 
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if 
Right | Left} ight | Left! 
Right | Left Right | Left 
Top| ‘wall | wall| wall | wall 

1.50) 1.25 | 1.75) 27.3) 14.2 | 11.5] 53.0 
1:25| 0.75 | 1.50] 26.4 | 9.6) 415 
0.25} 0 | 04| 0.0 | 04 
3 | 6 1.00 | 0.50] 23.9] 4.0 | 2.3] 302 
1.50] 1.50 | 1.00] 33.2} 19.8 | 7.8) 608 

— 
lb persqin. The results of tests of individual } 
- sq in., and averaging about 3,800 lb per sq in. © duits 

. h tion that concrete in the walls of Conduits” 
ey "4 cylinders tend to confirm the Lee 

and 4 may be of unusual strensth | 
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CAVITATION IN CONDUITS | 


— Inan effort to f find a solution to the problem of of cav itation control, some of 


q the conduit entrances in the Madden Dam were revised during the s spring y and 
‘summer of 1935 by incorporating va cations: in d design. These 
isions may summar ized as follows: 


(a) Conduits 1 1 and 2 were reconstructed to the original anes design, 

ws with the addition of three air vents, 2.5 in. in diameter, each located 10.5 in. 
_ _ downstream from the stop- -log slot, one in the center of the top of the conduit, 

on one in each top corner 
od (6) 1 The entr: ance to Cc onduit 4 4 was not changed, because of approaching 

bad w eather, but a metal filler frame was installed in the stop- log slot which 
served t to continue the e entrance curv ve to t the > downstream corner | of the ‘Sstop- log 
guide. ‘The filler contained three air vents 3 in. in diameter in the top mem- 
one at the center and one 2 2 ft 101 in. each side of the center. 
= (c) Conduits 5 and 6 were reconstructed in the form of bellmouths | pro- 
_ jecting upstream from the face of the dam as indicated by Fig 4. A oa 
stop: -log, slot- filler frame was Placed i in Conduit 6 with three air vents 3 in. 
= in the top member, one in the ee r and one 2 ft 14 in. each side rs 


A The installation ¢ of f the cor conerete bellmouths at , the entvances te to Conduits 5 5 
and 6 was ¢ completed in June, , and the modification of the 1 remaining conduits” 
was completed during the following few Ww eeks. Conduit 3 was not changed. | 
The natural flow of the : river was passed through | the conduits until early i in 
August when the conduits were closed : and the impounding of water began. 

- The conduits were in use at various times during the process of filling the 
reservoir until the latter part of December, when a diver inspected Conduits 5 
and 6 under 90 ft ¢ of water = Conduits 3, 4, 5, and 6 were later inspected i in the 


— 
dry when unwatered for r repairs. 


Conduits 1, 2, 3, and 4 had been operated at high heads f for only | a few. 
“hours each dusing the second season of operation and were found to have 
‘suffered practically no damage f from cavitation during that season. 

‘The inspection of Conduits 5. and 6 revealed that cavitation had caused 
“considerable damage to | the tops” and side-walls of the conduits downstream 

from the stop-log slots, reinforcing bars being exposed | and loose in several 
places. The stop- Jog slots. themselves were in good. condition, as were the 
surfaces of the bellmouths, except for -roughening of the concrete on these 

sul surfaces immediately upstream from the stop-log slots. 
Des The filler frame which had been fabricated of }-in. steel plate and placed 
in the ‘stop- -log slot of Conduit 6 was found to be in badly damaged condition. 
‘The bottom horizontal member was still in place v with the two vertical members| 
4 attached thereto. However, both vertical members had been forced down- 
stream and downward toward the bottom o: of ' the conduit, pivoting about the 
bottom horizontal member of the frame as an axis. . The top horizontal mem 


_ ber of the frame was completely missing. — Two c of the vent ame leading to to the 
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YDUIT 
filler frame were snapped off about 7 ft above the top p of the eae and the third 
The location and extent of pitting as a result of siden: in Conduit 5 =~ 
4 during the second season of operation are indicated in Fig. 3. 2. he pitting in =~ 
Conduit 6 was quite similar. Superimposed on the contours showing this » 
| 4 damage are contours indicating the damage to this conduit as a result. of 
operation during the first | season—that i is, before the bellmouth | entrances had 
= installed. It may be noted that the general proportions and locations of 
the pitted areas on the top of the conduit were approximately the same in the : 


case of | both seasons of operation, although the damage resulting from operation | = 


during the e second season extended a slightly lesser distance into the conduit 


q 


¢ 


=] indicates 
“Concrete Removed 
THROUGH CENTE Replace 
4 LINE OF SECTION A-A 
4, —BELLMovU TH ENTRANCE av Conpurrs 5 AND 6, MappveEn Daw 


than did that resulting: from 0 operation during the first season. The deepest 

‘pitting of the side-walls occurred 1 to 4 ft downstream from the stop- -log slots 

in the case 0 of the second ‘season of operation, whereas during | the first season 

of operation the deepest. pitting of the side-walls occurred 8 to 10 ft down- 

stream from the stop- -log sl slots. During the second season of operation pitting 

_oecurred to a minor degree over the full height o of the side-walls immediately 

downstream from the stop-log slots. In these areas pitting was entirely absent, an 

except near the tops of the conduits, at the close of t the first season of operation, 


indicated by broken lines in Fig. 3. 
For ec comparison with Table 1 and the degree and extent of pitting resulting 
from oper ation during the respective seasons, as indicated by Fig. 3, Table 2 
gives a résumé of the number of hours. and minutes each conduit was operated 
at various. heads during the second season of operation, together with the 
resulting damage as indicated byt the maximum m depth of pitting and the volume > 
of concrete disintegrated at and removed. The values ¢ given for depths of pitting» 


correspond to depth contours shown for the respective con- 
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anp Causes or Cavitation 


 Itis Ww vell J known that under certain conditions of hydraulic flow a . persistent 


void space or cavity will occur at some given location in the stream of mov ing 
this cavity is not connected with the atmosphere, and therefore 


contains practically nothing but water vapor and flying particles or slugs of 


2.—MappEn_ Conpulirs, RESULT OF SECOND SEASON 


NUTES _ APPROXIMATE 


| 


Hours anp Mri VoLuME oF CONCRETE 
N U JEPT 
___OF OPERATION AT faximum DEPTH REMOVED” 


| 


ight | Left 
wall | Total 


@ | @ i | | | ao 


4 


a 
y 4:28 113:31 20:30 134 O1 N 1 ” 
:28 3: : No damage 
2,178:44 87:57 19:58 (107:55 No damage b 
|119:00} 1:35] 120:35 | No additional damage 
3,189:32 | 122:48| 1:38] 124:26 | No additional damage | .... | .... | 
1,061:07 | 389:08 | 59:35 | 1,248:43 | 0.75 | 1.00 | 1.75 | 126 | 74 | 3059 
07:11 | 551:44 | 870:11 | 1,421:55 | 0.50 | 1.00 0. 61 6.7. 3.6 | 16.4 
@ 85 to 97 % of this time, operation was at bende from 0 to 25 ft to pass natural river flow. 6 Includes . 
1.0 cu ft removed from bottom of conduit. 


7 ome, is called al “cavitation pocket” and the general phenomenon of its 


occurrence is spoken ¢ i as “cavitation.” 3 Its existence is frequently made ev it 4 
dent by vibration of the walls of the containing vessel and by a loud crac king Fy 
‘sound known “crepitation.’ here a cavitation pocket occurs in contact. Z 
with a solid d object, such as the e conerete su surface of a conduit t or the metal blade Z 
ofa a turbine 1 runner, the ; solid material eventually becomes | damaged by destruc- 44 
disintegration commonly know as ‘ “pitting. 
Cavitation pockets « of the type occurring in diverging tubes are characteri iss 
tically traversed from end t to end by a succession of swiftly mov ying slugs of Fr 
water separated by vapor cavities. Pre H. E. Edgerton has taken remarkable 
moving pictures,® exposed at 3 000 per sec, showing the water slugs and v apor py 
cavities traversing pockets of this type. One group of twenty five of these 
_ exposures® shows, with marked clearness, the formation, growth, and collapse ty 
(ofa moving vapor cavity during the one hundred and seventy fifth of a a second | ws 
required for it to traverse the length of the region designated as the “ ‘cay itation vis 
- Some - years ago it was thought that the pitting of turbine runners, ships’ | 
"propellers, and pump impellers was caused by the chemical action of nascent - 
oxygen released in the cavitation pockets; but this theory has been discarded. S (Th 
is now generally recognized that dam nage to materials in contact with 


8 “Cavitation Research,” by J. C. Hunsaker, Mechanical Engineering, Vol. 57, April, 1935, pp. 211- 216. 
6 ‘Applied Fluid Mechanics,” by M.! oO’ Brien, Am. Soc. Cc. E., and G. H. Hickox, Assoc. M. Am. 
C. E., p. 34. 
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CAVITATION IN CONDUITS 


—— not. ae to detonate: concrete but to indent the hardest metals, 
i. experimental evidence proves that such action is possible and of — 


tion conditions may be in a) Pr, oof that the collages of vapor 
cavities can produce extremely high local v relocities; and (2 2) proof that the 
sudden checking of such velocities can produce extremely high local pressures. ’ 
The first step may be explained most conveniently in connection with an 
arbitrary system in which the dimensions of the vapor cav ities can be expressed 
bya simple formula. .. Consider for this ] purpose that Fig. 5 repr presents a pris- 
matic space: of square cross section with diameter d, terminated at one end by 
a pyramid of altitude a. ‘First, ‘consider this space to be bounded by § solid 
walls, and later as representing a cavitation pocket for which three of the four 
boundary walls are of water. Suppose that two slugs of water of equal volume 
and equal original kinetic energy are traveling down this space, the one in the 
prismatic inane es a volume b d? and a velocity | vo, and the one in the 


No. 3 ter Slug No. 2 No. 
Yili Llp. 


“i, 


' 


| 


a. 5.—Mov EMENT OF Ww ATER R SLUG Into THE Con! REGION OF Cross SECTION 


— 


ramidal portion having the sa same volume but velocities of and v2 at its 
_ forward and rear ends, respectively. = The three vapor cavities adjacent to these 
two slugs of water are indicated in Fig. 5. If w represents the w eight of a unit 
volume of water, the kinetic energy of of a lamina of volume y? dx having a velocity 


vis 
E, = w dx 
k 2) 5 5 


the kinetic of the two. water er sags in Fig. are | given 
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in n which, in n addition | to o symbols shown in Fig. 5: w = unit weight of Water and 
g = acceleration of gravity, 
In order to. justify equating these two expressions for kinetic it is 
; necessary to o neglect the dissipation of f energy by hydraulic friction | or viscous 
resistance to o deformation, the storage of energy by elastic « compression of the 
— or the conduit walls, and the release of energy by condensation of the 
_ water vapor in the cavities as the volumes of the latter decrease. This analysis 
thus assumes frictionless non-viscous flow, incompressible mater isle, and negli- 
gible vapor pressure. 1 The effect of these assumptions will be discussed sub- 
In Fig. 5, , imagine the cross- sectional plane of abscissa z and a area y to | 
¢ onion ofa a weightless elastic membrane which s separates the : slug of water into | 
two parts and moves forward with the velocity v. Since the volume of water 
‘must thus remain n constant between the sections whose respective abscissas 


Since y y n 3a becomes » ( 


| 


| 


Eq. in Kc 


As wy becomes \ very small i in comparison with x2, Eq. 4 approaches the value: 


, from which it is evident that the velocity v; increases without 


ll. Thus, if viscosity, compressibility, , and vapor 

re era did not influence the rate of movement of the water, the velocity 

4 at the ie tip of the slug would become infinite at the final instant of the collapse 

of they vapor r cavity at the a apex ex of the pyramid. Iti is possible also to prove by 

_ similar methods s that at t at this same instant, a and under the same assumptions, the 

“velocity 1 v2 becomes zero. In other words, all of the original kinetic energy o 

a the slug would still exist in the kinetic form; but it would be practically all | 

6 concentrated into the fluid particles that make the final contact with the solid 

surface at the point where the last ; vestige of the collapsing cavity disappears 

with the e result that these particles would acquire enormous velocity. —_ J 

_ Iti is evident that the latter statement could be proved for spaces ¢ of other 
. 1 shapes than the e square pyramid d in Fig. 5. 1 In fact, if incompressible materials, 

frictionless flow, and negligible vapor pressure are ‘assumed, the 
and d applies t to shapes, bounded soli 
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githough the factors in the demonstration 
undoubtedly have important effects, the analysis reveals the fundamental 
reason why intense local concentrations of energy are associated with the col- 
‘lapse of vacuum cavities. — — From the foregoing it is apparent that if cavitation — 
curs in large outlet conduits 0: of f high dams there i is abundant opportunity for 
tremendous concentrations of energy to occur at local. spots s along the conduit 
surfaces. 
_ Under the foregoing assumptions, the pressure developed at the point where 
the two incompressible materials finally meet with infinite relative velocity 
would evidently be “super-infinite.” The problem of determining the pressure © 
dev veloped by the collision of compressible materials moving at finite relative 
Velocity | remains to be discussed. This problem « comprises the second part | of 
the analytical demonstration of the hammering } power of water, and re requires a 
development of the proof that the sudden checking of high- water velocities can 
produce extremely high pressures. — This] proof i is analogous to that which shows 
that high pressures in a pipe can be produced by the sudden closure of a 
: valve. When a rapidly moving mass or slug of water strikes a rigid plane sur- 
face normal to the direction of motion, the water particles adjacent to the con- 
_ tact surface and near to the center of the contact area have their velocity sud- 
denly reduced to’ zero and their kinetic. energy y suddenly changed to. wren of 
elastic compression. 


In order to make this computation accurately, 4 is necessary ‘to have 
formation regarding the compressibility of water under the unusual conditions 
considered. At very high pressures the volumetric coefficient of elasticity of 
Ww ater i increases 8 to several times 1 the ordinary value pubtiches & in | textbooks. | 


“nary slow- ~compression tests cannot be used directl y. In slow or isothermal 
tests, the heat of compression has time to be dissipated to the ‘surrounding — 
“objects or mediums, practically uniform temperature being maintained in the 

“specimen at the times when readings of deformation are taken. Under such 
conditions water at 50° F solidifies into ice at a pressure of about 110 :000 Ib oa 


in. In rapid or adiabatic “compression, the heat generated has no oppor- 


y tunity to escape to the surrounding objects or mediums, therefore 


iii 


temperature of the water rises as the pressure is applied, tl ‘thus preventing — 


water at all pressures from 0 to 180,000 Ib | per sq in. in combination with ‘al 
temperatures from 4° to (176° F, except where the water is in the solid state. 
He also presents a diagram giving, for the same range of pressures and tempera- 


BP 
tures, the adiabatic rise in temperature per unit r rise in pressure, as eu 7 
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not from actual quick-compression tests, ‘but from a ther ‘modynamic : analysis 
a thermal measurements during slow-compression tests. By the use of these 
diagrams: it is possible to start with one pound of water at atmospheric 


- ‘pressure ar and any given . temperature, and compute its volume and temperature 
after any number of successive increments of adiabatic compression. Iti is also 


possible t to compute the total external work or energy contributed to the pound 

of water during the adiabatic « compression, since the work done during any one 

7 _ increment of pressure is equal to the product of the mean pressure and the 

decrement i in volume. The results of such a computation by the writers, start- 


‘ing with one pound of ‘wets at 50° F and extending to the limits of Bridgeman’ s 


TABLE 3 —ComPutaTIon 0 or PrEssuRE RISEIN WATER Duet TO DEstruction 
or VELocity BY SuppEn Impact oN INITIAL WaTeR 


ment in | Average | Incre- | | Propuce Given 
Pressure tempera | perature volume | pressure | ment (of com- | Pressure Acainst: 


(lb per | ture rise (de pression 
grees of 1 lb (Ib per work 
in. ) (degrees i of water | sq in.) (in-Ib) per Ib 


— 


“pressure in increments of 14 ,223 Ib per sq in. (1,000 kg per sq em) ; ; Cols. 2 al 
_ 4 are obtained from Bridgeman’s diagrams, with the values converted to English 
units; Col. 3 is an accumulative : summation of the i increments in Col. 2; Col. 4 
consists of the differences between successive items in Col. 4: Col. 6 contains 
the av ae of successive items in Col. 1; Col. 7 gives the products s of the items 
Cols. 5 and 6; and Col. 81 is o obtained by ‘summing the items in Col. 7. 


ai Thek kinetic energy of one e pound of water moving at velocity v v feet per second 


in-Ib. Each item in Col. 9, Table 3, the initial 


war 


— 
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523 | 26. 7,820 205 | 237° 

28,446 564 | | | 25,530 | 370 

0.64 | 35,558 | 22,750 | 

49 | “| 0.47 | 64,004 | 30,080 | 

70.9 | 24.10 | 105,240 | 752 869° 

| | 76.1 | 23.79 136,540 | 856 | 989 | 

99,561 | 81.9 | 23.34 169,810 | 9955 | 1,103. | 

— | 0.31 | 106,673 | 33,080 

(113,784) | 23.00, 202,890 1,043 | 1,205 | 

128,007 | 22.71 285,530 | (1,124 | 12088 

142,230; 1000 | 22528) | 267,950 | 1,199 | 1,385 

156,453] 106.0 | 22.30 300,800 | 1,270 1,467. 

— | | | 103885 | 82.700} 

170,676| 1120 | 2210 | | 333,500 | 1,338 | 1,545 
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m- 
pres ession nat the pressure indicated i in Col. is found by 
constant 2.318 by the square root of the corresponding item in Col. 8. In other 

words, any pressure value in Col. 1 is that generated when water moving at the 
a velocity g given by the corresponding figure in Col. 9 strikes a rigid plane surface 


7 = to its path. | _ For example, if | water is moving at 1,338 ft per sec, its 
e 7 impact on such, a surface will develop a a pressure of 170,676 lb per sq in. . Under 
he ordinary conditions, a velocity as high as 1,338 ft per sec could be acquired only — 
rte 7 in the case of flow into a converging space, according to principles previously 
explained. hus, if the aforementioned were in a — 
the 4 
PER | 
‘The: ew governing the foregoing process of pressure un- 


doubtedly changes when the crevices become so small as to approach molecular 
dimensions. — _ However, what has been given contains a suggestion as to the 


- source of pressures known to be sufficient to penetrate or deform the hardest 


VEN 

[NST 

iter 

face 

oF Ih the foregoing analysis, when the slug of water hits the rigid ‘surface, a ra . 
al 


pressure wave of intensity p is generated a at the contact surface and travels 0 out 


into the liquid at the acoustic v elocity a ——~ 


the phenomenon 7 similar to the generation of a water- -hammer wave ina ' 
7 eo by the sudden closure of a valve. How ever, W Then the ‘slug of v water strikes .- 


& water surface normal to the direction of motion, two pressure - waves travel 
out from the contact surface i in opposite directions, e 


which a slug of water moving at v and striking a water 


niet Consider within the slug a rectangular: prism of water of cross-sectional area a - 
sacl _ (dz), with its sides normal to the contact surface. — - The enlarged section ofa 
a portion of this prism in Fig. 6 indicates that the contact surface is being forced r 
2 and down with a velocity v,. At an instant dt seconds after contact, the row of 7 
rglish particles which were originally in surface C’C’ have moved down to CC, and 
Sol. 5 pe > particles which were in A’A’ at the instant of contact have moved down to a 

tains A pressure wave front having the acoustic velocity u relative to the sur- 

items fluid has traveled upw ard from C’C’ ‘to AA, and another has moved 

a ‘ownward from C’C’ to BB. The shaded volume is under a , pressure p p p and has 

econd P unit weight w and a coefficient of elasticity EZ. The volume corresponding 

PoP. - to desc unshaded area is still under its original pressure. _ Since the force requir ‘ed 
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by the rate of change in velocity: Force on CC = (Mass. of APA 'C'C") ) the rate 


of reduction in ‘its velocity = of C’C’BB) the rate of inerease in its 


a initial velocity of the slug of water; therefore, o one fourth of the original | 
; kinetic e energy of these moving water particles i is ‘still in the ki kinetic form, and q 


= 


Moving Slug 


” 
AA S 


SWS 


Water 


_ 


. 6.—Mov ING oF Water STRIKING STILL Warer Surrace NorMAL TO THE 


oOo 


three fourths has been converted into of elastic 
- vp and vy are the initial velocities required to develop a given pressure pi in the 
‘respective cases of impact against a rigid surface and against a water surface: 


429 


and from from this it it is is seen seen that =», 1.155 vy. In other er words, a velocity 
15.5% higher is required to produce a given pressure if the impact is on a water - 


"surface than if it is on a rigid surface. ae Table 3 is computed ‘on the 3 7 
basis of this principle. 


—— 4 From the oregoing it ‘it is is seen that when a | cavity i in y in water collapses, the 

pressure ure developed at the final point. of contact 1 may may be: very high if this point is 

in contact with a solid surface and partly surrounded by water, although not 
as 

quite as high as if it were fully surrounded by solid materials, 

The familiar effects of water hammering sufficiently intense to indent | and e 


7 "disintegrate the surfaces of hard metals f urnish abundant proof that pressures 
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gineering ‘machines and structures. 

In the case of metal surfaces the development. of. pon pitting | is a slow 
process, “requiring of continuous: operation. The -con- 


po accordance with the theory, then quickly enlarges and 
them. In the CASE | of concrete surfaces ‘slightly permeable to water, 


can occur  withia © comparatively few hours. 
or APPARATUS FoR CaviTaTION T ESTS 
Cav itation may occur rat jail ‘point i in a hydraulic system when the — 
at that point is is reduced to the vapor pressure of of the liquid f flowing in the system. 
This: requirement for the cavitation phenomenon to occur, therefore, precludes | . 
the study of its possible occurrence in hydraulic structures by means of small 
‘undistorted models of the usual laboratory type i in which air at ordinary baro-| 
metric pressure and water at room m temperature are — and relative head- 
water and tailwater depths are represented to scale. In such a a model, the 
_whole atmospheric pressure is effective on the free waiteain of the liquid used 
in the model and is transmitted throughout that liquid so that the absolute 
pressure in the regions of the model corresponding to the cavitation regions of 
the prototype is far greater than the vapor pressure of the liquid i in the model. 
EE order that the basic conditions which _ produce cavitation in certain r regions 
of the prototype may | be correctly represented in the model, it is necessary t that 
the pressures in. in these regions: of the model be reduced to the » vapor pressure 
of the > liquid used in the model. 
-* In planning the cavitation tests of the conduits a at Tygart River and 
a Madden dams, modification of the prged pressure of Berg: liquid by thermal or 


regions of the prototyy pe themselve s—namely: (1) The e design 
testing apparatus in which absolute pressure ours be reduced in such a way 


tailw ater surfaces in the model; and (2) the of a apparatus 

that, by « distorting the headwater pressure and the discharge scale, the correct 
cavitation n potentiality would be produced in the critical area of the conduit. 
The first. of these testing facilities was used exclusively i in the earlier tests, but 
for the later tests the ‘second was. also” used, particularly to facilitate. tests 
‘involving the admission of air into the conduits to alleviate or cushion the 
Shock of cavitation. For the p purpose of this pa paper r these two testing devices: 7 
designated “enclosed- i-tank apparatus” and -tube 
tation 


7 
— 

— 

it 
7) 
ater 
the 
not 
, 
sures of the enclosed-tank cavitation apparatus may be had from Fig. 7. = 

Pa 


to the and surfaces in the had 
Y be reduced in almost direct proportion to the model scale. _ Consequently, the 
=—-’ medium had to be subjected to subatmospheric | ‘pressure, thus | 
necessitating that the apparatus constitute an enclosed system in which the 
water supply was continuously circulated. x As indicated by Fig. 7, the appara- 
tus consisted essentially of a head tank (A), 32 in. in diameter and flattened 
n the top at the outlet end (B), where it was welded to a rectangular section 
(C) model, the outlet end of the rectangular section in turn 


—ENCLOSED-TAN 


being connected by an Sin. pipe line through pump (D) 


in the top yp of the head tank and to. vacuum pump @ which 
:; q supplied the necessary reduction in pressure to the system of the testing appara- ; 
_ tus. An opening was placed in the top of the rectangular | section of the appa q 


atus to facilitate the insertion and removal of models. A one-inch plate of of 
nnealed glass (H) served as a cover for the opening and also as an observation 
window to facilitate study of flow conditions and the action of cavitation in the 
model. . The glass plate was protected against direct contact with the con- 
 erete of the model by a rubber gasket and was sealed against leakage by an 
- application of sculptor’s plastic waterproof clay b between the edge of t the glass 
plate and the edge of of they Topening in the tank. tests ‘measure- 
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annealed glass cover was by a brass plate containing a 

work of piezometer openings. Mereury gages (I) of the cistern manometer 
type were provided at each end of the model to determine pressures at those 
points to H’ and of Fi of Fig. 8) Baffles wer were provided 4 


Cavitation Pocket 


MOM 


Grade Line of 
“\ Absolute Zero 
Pressure 


0777 


Reference Section 
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at the inlet end of the head tank to eliminate excessive turbulence in the water 
and to provide good approach conditions to the model . Provision for 1 measur-— 
ing the discharge through the model was made by a pitot tube (J) in the 8-in. 7 


ri pipe | line, the pitot- -tube installation having been calibrated by traversing the 


cross section of the pipe. ee 
The models tested in this apparatus were generally constructed of concrete, — 
_ with such appurtenances as stop-log : slots and guides constructed of wood or 


sheet metal. In tests to study pitting, inserts of a ‘specially designed concrete 
of low strength (see ‘section “Experiments to Find a Material to Simulate : 


- Pitting”) were cast in the critical regions of the model. tia 
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IN CONDUITS 
sentation: and study, it was necessary with this testing 
apparatus to ) construct and test models representing only one _ of the proto- 


halved by a plane, the inclination of the chosen. 
represent the “prototype: to the best advantage for. the purpose of the 
In placing the m models i in the testing : apparatus, the diametrical plane was as 
" coincident with the bottom surface of the glass (or brass) cover plate for the 
- rectangular section of the appar atus. In many cases, therefore, it was neces- 
sary to represent the prototype ina revolved position—that i is, with the conduit. 
inverted or turned on its side. However, tests of models of the same conduit, 
shown in various revolved positions, indicated that such orientation had | no 
noticeable effect on the results of the tests aa 
_ _In conducting tests in this apparatus, it was found nnemeneny to operate for 
several minutes to exhaust air entrapped and dissolved in the water of the 
system before actual test results could be obtained. For this reason, it was 
_ found impracticable to conduct tests, with this puerany that required the 
_ admission of air into t the model | to alleviate or or cushion the shock of cavitation. 
The diverging- tube cavitation : apparatus was designed to facilitate such tests. 
_ Diverging-T Tube e Cavitation Apparatus. —A general understanding of the de- 


7 ‘sign of this apparatus may be had from Fig. 9. , The horizontal pipes a along 
_ the wall behind the gage boards are not a part of the testing equipment. As” 
- indicated, the apparatus consisted essentially of a head tank (A) 15 in. in 
‘diameter, to the outlet end of which was connected the model to be tested (B), | 
_ constructed of a pyroxylin material and representing the 1 full cross section of 
the 3 prototype. The outlet end of the model in n turn was connected to a . diverg- 
ing tube (C) which led to the laboratory sump. ‘The transparent nature of the 
‘pyroxylin material made unnecessary any orientation of the conduit away 
< from its normal position. — Since at the outlet end of the diverging tube the 
‘pressure was atmospheric and the velocity of flow relatively low, this tube 
served, through | the smaller cross section and higher velocity at its throat, to. 
provide sub-atmospheric pressure at the outlet end of the model. Tt was. 
possible by. means of this apparatus to test models at headwater pressures 
greatly beyond those represented by direct scale reductions of the ones in the 
{ , with the result that velocities were correspondingly exaggerated. 
Such exaggeration of the head and velocity scales was necessary i in order that 
absolute pressures in n the c1 critical regions of the conduit be in correct relation | 
to the absolute | pressures ; which would exist in the e prototype. _ Provision for 
measuring the pressures a at each ¢ end 1 of the model (corresponding to points H! 
and R’ of Fig. 8) was made by mercury gages (D) of the U-tube type. 
~ Connection of the gage to the lower end of the model was by means of a 
= opening on each of the four sides of the conduit, the individual 


being connected through @ common header toa single gage. air 


~ piezometer opening in the head many with the m mercury gage for determining 
‘pressure at that point. Suitable baffles were provided i in the head tank 
to eliminate excessive turbulence and to provide smooth approach conditions 
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the model. The rate of discharge of water the model wa was 
by a venturi moter in the pipe line leading from the pump. 


In this apparatus, water was drawn the laboratory 


‘the effect on cavitation of venting the encountering the diffi- 
——ealty 0 of having the air that was admitted to the model reappear in the head 
os tank. To facilitate the tests of venting the conduits, provision was made for 

a —— air into the model at the inlet end of the conduit (F) and ioe 
immediately below both the emergency (G) and service (H) slide-gate slots | 


However, since the emergency slide gates would be operated only o alien rare 


Fre. 9. ERGING- CAVITATION APPARATUS | 
Sl 


occasions, only the service ‘slide gate was imulated i in the model; but slots for 
both included. The rate of flow of air into the model venting 
tests was measured by means of circular, nnn l-edged, brass orifices ‘a a_i 


with U- tube water manometers 


_ The notation adopted in this paper conforms essentially with American 
Seelee: Symbols for Hydraulics* compiled by the American Standards Asso- 


} ciation with Society representation, and approved by the Association in 1929. 
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Por are indicated it in n Fig. 8 . The point R is ; at the ce center of a reference cross 
section of the conduit, Hi is in the quiet water of the headwater reservoir at 


“any given ‘The points i in the model cor orresponding geomet- _— 
_‘Tieally | to R and T are designated as R's and qT, whereas a point in the quiet 7 
water of the headwater tank at the same elevation as R’ is designated a: as | 
The elevation of T above Ri is designated as 27 and the e elevation of 7” aor 
Rk is designated as er’. «Ati is to be noted that if the orientation n of the ‘model 


with respect the direction of does not t duplicate that of the 


AY small or lower-case letter is used to designate the —_—" value of any 


a n quantity p per taining to the prototyp pe structure or Ww rater, and the same 
letter primed is is used to denote the general value of the 1e corresponding quantity 
. 
‘pertaining to a model of this structure or the liquid used in this model. “The 7 
capital letter is used to denote the corresponding scale ratio. For ex- 
ample: If 1 designates the length of ¢ any line in the prototype, then I’ delepeie 


. the length of the corresponding line in the model, and L denotes the linear 


The value of a quantity at at any | ne point in the prototype 


or, ‘model i is designated by using g the le letter ¢ denoting that point as a subscript 


on the lower-case | letter denoting: the general > value of that quantity in ll 
prototype. For example: pr’ denotes t the pressure at the c center of the -refer- 
ence section in the model conduit. pia 
All models described herein are geometrically _ similar to the prototype, 
in so far as their solid parts are concerned, and therefore have a definite linear 
P scale L . How ever, “gravitational distortion of scale” ” occurs | when the orien- 


tation of the model with respect to the direction of gravity does not duplicate 


that of the prototype, , and “operational distortion of scale” ”” occurs when the 
absolute pressures due to headw ater and» tailwater are not reduced in exact 


4 ‘accordance with the linear scale ‘. or where the liquid in the model is not. 


_ chilled to reduce its absolute vapor pressure in exact accordance with the same 
Seale. . The final formulas of the following paragraphs are written to include 
“eases where these distortions are used. 


In | accordance with Torricelli’ s theorem, the velocity of flow in the proto- 


2 


Ur 


the the velocity at at point T” in the model 1 is given 
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— in which: v7 = the velocity of a int Ter = coefficient — 
oe c. of velocity for flow from point H to point T written to give the filament velocity RB 


UT} = the elevation of point 7 above. ‘point. R. At first. it will be 
assumed: (a) That the model i is built to a definite linear scale L; (0) that it is 
set in the apparatus ; without gravitational distortion; (c) that the headwater _ 

a tailwater depths are adjusted to the linear scale; (d) that the water in the © 
model is chilled until its vapor pressure is reduced in the same scale; and 
© that the atmospheric pressure on the headwater and tailwater surfaces is 
reduced i in the same _ these conditions are satisfied, Eq. 8b can be 


Yar 
written in the. form, ~~ 


a 
g (424 er — re)... 
in which: V = scale ratio, for velocity = v, che en for length = ve 


pr = absolute pressure at point =. or vapor pressure of water at the given 
neato Pu = abs absolute pressure at point H, given by a 
ha + Pa 


in which: hu = head of water above point H, pa = absolute pressure o} of air on — 
7 the free surfaces of the liquid, and w= unit weight of the liquid. if it is 
assumed that the roughness of the model surface has been adjusted until 
7 cr’ =cr and that the values of . g and w are alike in the model and prototype, 


- expression, ,V= VL L (known as F ‘roude’ ’s law) may b be obtained by dividing 


the two members of Eq. 8c by. the corresponding members of Eq. 8a. This 
~ result means that if the model is operated according to Froude’s law (that j is, 
with all the aforementioned adjustments) the velocity at any point in the 
model will become equal to that of the corresponding point in the prototype 
multiplied by the square root of the linear scale, and the absolute pressure at — 


the point 7” will become equal to the v vapor pressure of the water used in the 


I ~ model. If this i is is true for all points i in the model corresponding to points on the 


at the cavitation pocket i in the prototype, a cavitation pocket must 


| open up in the model, and will correspond exactly aa the prototype pocket in 


-_ In the foregoing it was s assumed that the coofficient of velocity cr’ for flow 


ii H’ to T’ could be considered equal to er. _ For pockets near the conduit 
entrance | where : the friction losses are small in comparison with the total head, 
this assumption is not likely to Ire appreciably i in error. - pockets farther — 


of adjusting the roughness of the model surfaces to make c7’ equal to cr pre- 
sents difficulties if a high-precision solution is desired. ; Similar difficulties are 
encountered i in all hydraulic n model systems w where the effects of gravity and 
viscosity a are both important, and therefore rec require the satisfaction of the two 


were 


| 
— 
#. 
q 4 
fi 
ia 
4 
Studies, since a design which approaches even near the cavitation limit may be 
' — _ In the aforementioned method of model operation in accordance with — — 
_ Froude’s law, the absolute pressure in the model not only at 7’ but at every = 


- point | in the liquid is _ to the absolute pressure at the corresponding 
- point in the e prototype multiplied by the linear scale ratio L. ay . Insp spite of the 
a simplicity of this method of operation, numerous occasions arise for devia iting 
; from it in conducting n miscellaneous cavitation studies by ‘means s of models, 
These occasions are usually created by the limitations of the available appar a. 
tus. Because o of the location n of an observation window, a conduit of rectangu- 
4 lar cross section in the prototype may have to be inverted or laid on its side e- 
in the model; or because of the i inconvenience of chilling the water in the model | 
to reduce its vapor pressure, a a slight variation from the linear-scale r representa- 
e 4 tion of the atmospheric pressure may be made; or the suction apparatus may — 

not develop sufficiently low fF pr ressure to permit undistorted scale testing. : 
W hen such departures are made from operation ir in accordance with a single | 
linear scale for all dimensions and pr essure heads, the absolute pressures are 
no longer to scale over the entire region « occupied | by the liquid in the model. 
_ This means that a group of several cavitation pockets i in the model cannot be. 
studied simultaneously. Attention must be focused on a limited region in 
_which the occurrence of a cav itation pocket is know n or suspected; and the 
general pressure an and flow conditions of the model must be adjusted to | produce 
the correct cavitation potentiality i in that limited jregion. A’ readjustment. of 
‘the general co conditions must be made when a pocket in another location is 
studied. — The equations for making these adjustments 2 are given subsequently. 
Referring to Fig. 8, it is assumed that the “reference section” R in the proto- 
_ type” corresponds to the location of an accurate mercury piezometer in the 
model. — In most of the cavitation tests at Pittsburgh, the models did not 
‘pre the entire conduit, but only the upstream portion, and the piezometer 
owas placed near the downstream end of the model. In the ap plication of these 
formulas it is assumed that, for a giv ven water elevation in the res reservoir, either 
the mean velocity Ve or the pressure head hr at the -prototy pe reference 


a 4 section is known by. computation or by actual experiments on the prototype pe. 
reasons already mentioned, a direct determination of both of these  quan- 


— tities by model studies is not feasible, because the effects of gravity an ‘can vis- 


cosity are both involved to an important degree. 


Referring again to Fig. 8, the mean velocity at the prototype reference 


section may be by: 


ean ve in the model 


fy i which: vr = mean velocity in a conduit cross section at point R; cr = coefli- 
cient of velocity f for flow from point 1 oe to point Rk, written to give the mean 
~ velocity v, UR} nj and p; PR = absolute pressure at point R, equals anys - 


the 


in which: he = = pressure head at point R. By assuming that the model rough 
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CR and cr are equal and eliminating them between 
g and w are alike in model and proto- 


- ‘It m represents the ratio of or tor UR, Eqs. 8a and 8b ) may be expressed in the 


- Eqs. 9c and 11 may combined in various ways to ‘determine the proper 

ie methods of model operation to develop a given pressure pr’ at any given 

ot > location in a model, such as point = in Fig. 8. If this value of pr’ is the vapor 7 

er _ pressure corresponding to the temperature of the water in the model, and if 
se point T is on the boundary | of a cavitation pocket in the prototype, then 7 
er point, 5 ad must also be on the boundary of a corresponding cavitation pocket — 


inthemode. 
_ Suppose that the values of pu, pr, zr, and pr are known for t the prototype, 
that: cavitation in the model is to be investigated i in a limited ; region for which _ 
S rr is known, that the vapor pressure p7’ for the liquid of the model is known, 
and that by means of the vacuum pump or other suction device a known low — 
absolute pressure pr’ can be maintained at the reference section in the model. 
To operate the model properly, it would be required to determine the absolute _) 


pressure py’ which must be carried in the model headwater tank at the point 


The desir desired value may be obtained by tliminnting Eqs. 9c and 11, 


Dr! (pH — wer — pr) — (w zr’ + pr’) (pH (12). 


efi- |e If the model is correctly built and its surface roughness correctly adjusted, 

‘simultaneous of the two control piezometers at the values of PH’ 


to assume the the pressure at 1” to ‘drop to the: 


ness is adjusted s 

these equations, ¢ 

a 

> 

— 

fj 

uming as before that c7’ and 
| 

— 

| 

| 
— 
. 

— 
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Papers 
If it is detent to regulate the model by controlling. the with the 
aid of a valve and a venturi meter or other meter in the supply pipe, instead of _ 
7 regulating the pressure at point H’ in the model head tank (the known n quan-— 
tities being the same as in the preceding paragraph except that vr Vr is given 
instead of py), the equation for Cotoenaintng the necessary model conduit 
% velocity vr! may be found by. eliminating p; PH’ between Eqs. 9c and 11, resulting 
in the e following: 7 
PR —W2r 


“imperfections i in the model and its minor ‘discrepancies are 

to occur in the results of the two methods of operation. A perfect roughness — _ 

adjustment i is not ‘usually - feasible in actual laboratory practice, as the highest — 

polish — ean b be produced o on the available materials is insufficiently — 


be made of the advantages of the  diverging- tube 
tank types of apparatus. The relative merits of the former are as follows: +a 
* (1) It is much cheaper, provided that a good-sized pump or other source of 
- fairly liberal flow under moderate head is already available; (2) its operation 
is much simpler, quicker, and more convenient, since it dispenses with the 
procedure for freeing the tank from entrained air; - (3) it lends itself to studies 
of problems of cavitation mitigation by air admission; and (4) its higher throat 


velocity is advantageous in conducting actual pitting tests on models. The 


velocity to values greater than the spouting velocity of water at a head e equiv a 
: lent to atmospheric pr ressure. Unless a liberal flow of water is available, this 
4 — requires that the models be eee small. _ Furthermore, unless an enclosed water 
storage tank is provided, this apparatus cannot be advantageously in| 
studies in which close control of the air content of the water is required. The — 
principal feature of the enclosed- tank apparatus - which justifies its use, in 
Spite | of its greater cost and lesser convenience, is ‘that ‘it permits the the use of 
much lower conduit velocities. For a& pump of. given discharge capacity, 
lowering of conduit velocity results i in an increase in the model conduit cross. 
‘section, thus allowing the use of larger models. 
of vacuum would be by a vertical non- flaring tube about 34 ft 
high, but this was not feasible in the laboratory. 


_ COMPUTATION or GAGE SETTINGS FOR CaviTATION TESTS ON A MopEL 


7 Models of various conduit entrances on several different scales have been 
built and tested : at the laboratory in ‘Pittsburgh i in either: the enclosed- tank 


~ apparatus or the diverging-tube | apparatus. — The first step in n making such a 


— 


ig 
| 
| 

| 

oe Jf the model is correctly built and adjusted tor roughness, the setting of vp’ 

pr’ at the values prescribed by Eq. 13 should give exactly the same flow 
conditions as those described in the preceding paragraph. Actually, however, | 
E 
q 
— = 
— 
_ principal disadvantage oi this apparatus 1s that feature which limits the conduit" 
- 
: 
— 
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— (a) Model Scale, 1 : 15, Enc losed- Tank Apparatus 


(b) Moc lel Si le, |: 20, Red losed Tank App: aratus 


Model Scale, 1 : 40, Diverging Tube Apparatus a 
-10.—ORIGINAL onpurr ENTRANCE, MappENn Dam, TING 


test is to. compute the necessary settings of the control gages. ss. Ine each ap- a 
paratus there are three of these gages: (1) E ‘he headwater pool gage, (2 ) the f a | 
- conduit reference-section gage, and (3) the gage on e on the venturi meter , Pitot. 7 
= or other flow meter in the supply pipe. If the prototype quantities. - 
PH, Pr, and vg are known, the setting for any one of these gages may be as- 


sumed, and the se settings for the other two computed from them by Eqs. 11 and 
12. _ However, the assumption must be be such as to make all three settings fall 
within the capacity of the apparatus. The various s models tested were geo- 
metrically similar to the prototype in their solid portions. © . However, i in prac- 
tically all the tests in the enclosed- tank ay apparatus, “gravitational distortion” 
was introduced by tipping or inverting the models in the testing apparatus; 
and in the tests with both types of apparatus ‘ ‘operational distortion” was 
introduced by om omitting to chill the liquid until its vapor tension was reduced in 
proportion to the linear scale, or by the arbitrary choice of one of the three 
aforementioned gage settings. Under such conditions, as previously explained, 
: the pressure scale would not be constant at all ll points it in the model liquid, and 
“the same is true of the: velocity scale. The adjustment of gage settings was 
ca made to give the correct pressure condition only in a small local region contain- 
_ ing the upstream boundary of a single known or suspected cavitation pocket. 
a The following example shows a typical computation for testing a 1 : 20 scale 
model of a pair of conduits of | the Madden Dam in the enclosed-tank apparatus. 
Distortion of both of these types is used. A photograph of this model is. 
a reproduced i in Fig. 10(6). The model conduits are split along the horizontal 
_ plane p passing through their axes, the upper halves of the conduits being repro- 
dueedi in the model and tested in the inverted position, and the top of the proto- 


type conduit being represented in the bottom of the model. The | purpose of 
; ‘the inversion is to make visible the large cavitation pocket known to form 
against the top of the conduit just inside the entrance. The computation 
establishes the gage settings necessary to deve ‘the pressure corresponding. 
— to the vapor pressure of the water in this critical region of the model. The 
dimensions of the model were chosen to utilize most of the capacity o of the pump 
When operating condition to full | head o on the conduits | 


tation are shown in Fig. il; tha sounidine'’ is assumed at El. 204.7. This value 
of headwater elevation i is used: i in the e example since it represents tl the. greatest 
under which the conduit discharge has been verified by actual discharge 
measurements on the prototype. While | conducting the tests on the Madden 
models, the feasibility of including certain refinements in the ‘settings 3 of the FF 
apparatus d did not become apparent until near the close of the work. For this | '§ 
‘reason the computation procedure in the example i is not ‘exactly as 4 
‘that used in the actual tests. 
_ The assumptions used i in this example may be listed as follows: 

oe ‘Applying i in General.— —The headwater elevation is 204.7 ft and the tailwater 
; Serato is at a level b below the bottom of of the conduit; water temperatures, in 


degrees Fahrenheit, are, for the prototype, 77, and the model, 68; and the 
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29.500, and 


barometric pressures, in inches of mercury, are, for the prototype, 


in the laboratory at the time of the model tests, 29.655. — During the test the 
, discharge setting of the pump is 2.343 cu ft per sec; and the: rating equation for. 


the prototype conduit (based on n pitot- tube tests) is 


7 The model setting was such as to produce the correct cavitation eee 
top of the conduit, just inside the entrance. 
Applying to the ‘Prototype. —The total head on the conduit, hy, is 110.0 ft 


(see I Fi ‘ig. 11); and the corresponding velocity vg at the conduit reference secti on 


. 


| _8 Center Line to 
Center Line Gate 
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Gate Slot 
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is7 06 V 110.0 = 74.0 ft | _— sec. ‘Since the ws water temperature is is 77°F, the 


vapor pressure pr is 56 lb per sq ft; and, for a barometric p pressure of 29.500 
er 


in (13.59 X 62.4) = 2,085 Ib p 
, the value of 100 
5.3 ft. The absolute pt ‘at “point i is py = DA 
62. + 2,085 = 8,949 Ib persqft, 
q ying to the M odel. _—The ilies ratio L L = 7 = L 
d ‘ay! 
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per sq ft; and corresponding to a a barometric reading of 29.¢ 655 in. Hg, Da! 

= 2 ,096 lb p per sqft. With the cross-sectional area of the two half conduits 

equal to 0.1417 sq ft, the velocity vR’ = ———— = 16.53 ft persec. Finally, the 
: a absolute pressure required in the headwater tank at point H’ - the lev el of 


- the glass window) may be obtained from Eq. 11, thus: 


— 62.4 X 0.26 + 48.8 
62.4 X53 —56 
from which py’ = 464.8 Ib: per sq ft. This. cor rresponds to a vacuum of 2 096 
” — 464. 8=1, 631.2 Ib per sq ft, or 11. 35 Ib per sq in. less than the atmosphere ; 


In the entieneds tank apparatus the gage on the headwater tank is of the 
_ Mereury~< -cistern type, having a rating formula to give the pressure in the tank 


at the level of the glass” window. | By this formula the » gage setting ne necessary 
to give the foregoing value of py’ is ‘readily found. ee 
After setting the model in the enclosed-tank the glass” 
observation plate (window) in place \ with waterproof plastic clay, and filling the 
apparatus with water, it is necessary to remove as much of the entrained and 
‘dissolved air as possible before attempting to make accurate s settings of the 
_headwater mercury gage and of the flow-meter gage. _ This is done by applyi ing 
the vacuum | gradually, while slowly circulating the water in the apparatus, and 
_ occasionally stopping the flow by the main valve i in the pipe line. . T his permits 
the bubbles of entrained air to collect in the air dome, from which they are 
‘removed by the vacuum pump. . Observation t through the glass observation 
plate (window) indicates when the w water no longer contains visible traces ces of " 
air bubbles. The final accurate settings of the gages are then made by trial 
and error, alternately adjusting the “vacuum by means of the vacuum pump 
and adjusting the conduit velocity by means of the main valve in the pipe line. 
As the vacuum increases the cavitation pockets appear and become stabilized 
in: size, ., shape, and location as the final adjustment is made. 
computations for gage settings in the diverging- tube be apparatus are. 


assumed. In ‘diverging tu tube of infinite divergence and negligible fri frietion, 
hey 
the ideal throat velocity required to raise the pressure from a vapor pressure of 
_ one foot of water at the throat to an atmospheric pressure of 14.7 lb per sq in., 
or 33. 9 ft of water, at the « exit would be V2 (32.2) (33.9 — 1. 0) or 46. 1 ft per 
‘sec. Making some allowance for friction and exit losses requires a velocity 
_ somewhat higher » than this—say about 50 ft per sec—in the model ‘conduit, 
since the latter is used as: the venturi throat. 
In many cavi 
the enclosed- -tank apparatus it is possible t: to produce so low a vacuum at the 
“ conduit reference section as to cause long cavitation streamers to open up in 
a 4 the body of the water, usually along the axis of the conduit and in contact w ith 
2 “the glass window. Under such conditions, the cay itation potentialities simu- 


7 a4 —_ at all places along the model conduit surfaces are far more sev ere than 


1652 
— 
— | 
— | 
— 
; 
— 
— | 
— 
| 
— 
4 
‘ 
q 
7 


4 those of the prototype. ‘If a design shows no cavitation pockets in contact _ 
with the conduit surfaces under such operation, it can be classed as excellent a 

from the cavitation standpoint. In the diverging-tube apparatus, a similar 

exaggeration of of the severity of the prototype cavitation conditions can | be 


secured by i increasing the velocity i in the model conduit. = 7 _ 


BEHAVIOR OF OricInAL MappEN Dam Ewrnances In MopELs 


Those dimensions of the original entrances of the Madden conduits which 
‘are significant from a hydraulic standpoint are shown in Figs. 1 and1l. Fi ig. 
11 also indicates at point 4 the approximate location of the pitting in the proto-. a 
type. _ As noted in Fig. .? the conduit ¢ entrances are not symmetrical about a | 


horizontal plane through the conduit axes, but the bottoms of the stop-log. 

J recesses terminate in a horizontal | step | or ‘Shelf 1 18 in. below the level of the 

bottom. shelf sur suppresses the contraction of the jet to “such an 
extent that no pitting on the bottom occurs in the prototype or models, and no 

; visible cavitation pockets appear in contact with the bottom in the models. — 

= [ : Fig. 10(a) shows a 1 : 15 scale model of one of the original Madden conduits, 

split along a vertical diametrical Plane. Fig. 10(6) shows a 1 : 20 model of 

‘pair of the same conduits | split along a herisontel diametrical plane, the model 


- being inverted so that the portion reproducing the top of the conduit i is seen 


through the glass window. shows a 1 : 40 scale transparent n model 
A one of the original Madden | conduits. — Figs. - 10(a) and 10(b) show the first two 


models being tested in the enclosed-tank apparatus and the third (Fig. 10(c)) i in 
_ the diverging tank apparatus under pressures equivalent to a 168-ft head in the 
_ prototype. A photograph showing pitting in one conduit of the twin model of 
Fig. 10(b) is reproduced in Fig. 12. ~ Inall these views the large cavitation pocket ket 
: against the top of the conduit just inside the entrance i is very conspicuous. 
other cavitation pockets” are present anywhere i in the entrance region, rom 


the faint streamers just visible near the conduit bottom i in Fig. 10(a). a 


streamers do ‘not come in contact with an any y solid mater ial, and therefore do not | 

Bein pitting. Ina test of al: 15 scale 1 model of one of the Madden m conduits: 

7 - after installation of the bellmouth, the size of the cavitation pocket was seen to 
be nearly as large as in the original conduits. 


One of the most puzzling problems encountered during the conduct of the 
Baer described herein was to find a reason for the fact that in the original 
- Madden conduits, and in those models of these conduits which were actually — 

5 subjected to pitting tests, deep erosion of the side- -walls of the conduits ‘occurred 
&g at places where absolutely no cavitation could be observed visually in the un- . > 
ae ~~ models. Contours « of the side-wall erosion i in Madden Conduit 5 after” 
s first | season 3 operation are shown in in Fig. 3, whereas the photographs repro- 
; duced i in Fi ig. 10 indicate the area covered by the aforementioned large « cavita- 
4 “tion pocket. . The edges of this cavitation pocket are in contact with the side- 
£ alls of the conduit near the top, but, a as noted in Fig. 3, the side-wall erosion — 
Ss not only occurs in the area touched by this pocket, but also extends a consider- 
| = distance downstream and downward toward the bottom of the conduit. 
_ The point of deepest side-wall erosion is entirely outside the area touched by 
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‘ ‘The explanation of f this, phenomenon i is as follows: There i is an outstanding 
difference between the ] process s that controls the growth of the pit eroded in the 
_ top of the conduit and that which controls the growth of the pits eroded in tho 
_ two side- walls. 7 However, the excavation of all three of these pits i is started by 
_ the action in the same large cavitation pocket. . the case of the pit in the sgl 
of the c conduit, the enlargement and deepening of the eroded region provides a 
stilling” pool which helps - to absorb the energy « of the rapidly moving water 
7 filaments: and- to cause the vapor cavities to collapse i in water rather than in 
4 contact with solid “material. Eventually, this | pit tends to attain a certain 


12. ORIGINAL Mappen SHOWING THE PITTING IN al: 20 ScaLE 


Move. Arrer One Hour or Operation (PRororyPe Vewocrry, 


Convuir, 128 Fr per Sec)” 


stability in iia ti The action on is closely. analogous to the erosion of § a pit 

in the bed of a river below a dam whose apron is not specifically designed to 

_ prevent such erosion. The scouring out of such a pit is very rapid until it 

becomes large enough to stabilize the hydraulic j jump and form a natural stilling 

pool where the en energy of the spillway jet is ; dissipated. © As this condition is 
attained, the growth of the excavation becomes slower and finally | ceases. 

In the case of the pits i in the side-walls of the Madden conduits, the pr process” 

_ of growth is radically different from the foregoing. — As s shown i in Fig. 12, the pit 

first develops along the edge of the large cavitation pocket, - where especially. 

— intense impacts are caused by collisions between the swiftly m moving water of the 


‘streamline filaments and the broken masses of water and vapor hurled against 
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these filaments from the interior of the pocket. As the pit develops, it becomes 7 a 
jn itself a source of cavitation. As the swift water of the streamline filaments — 
passes 0 over the edge of the pit, vapor cavities form or r pass in from the 


ee excavation. This growth of the pit in the dow <a direction, or toward — 

the bottom of the conduit, causes it to eat in under the swift water of the stream- a 
7 Tine e filaments ¢ and thereby tap new sources of destructive energy. Along this 7 
edge of the pocket there is no opportunity for the impact to become cushioned - 
_ by enlargement of the excavation, but swift water i is constantly f fed in over the 
edge of the pit, inducing violent collapse of | vapor cavities at a place i in adn 
diate contact with solid material. This action causes the excavation to grow 
rapidly in a direction toward the bottom of the conduit and downstream, and 
thus the p pit eventually e extends itself into a region far beyond the boundary of 

_ The value of model studies of cavitation by’ visual observation of the ‘ll 

a currence of cavitation pockets is not t destroyed by the fact that such observation — 
does not furnish full information ‘regarding the final location of the - pitting. 3 
If any cavitation pockets are observed in contact with the surfaces of a model | 
conduit, it is safe to assume that destructive effects will be induced in the proto- 


type, , although the exact nature of such effects may be uncertain. 

EXxpEerIMENTs To Finp a To SrmuLaTE Prrrine 

In spite of theoretical d difficulties, ‘it was thought that there might be a — 

"possibility o of developing, by e empirical methods, some material that would it 


at a rate determinable | experimentally i in terms of the ‘intensity of cavitation. 7 


It would have been very convenient to make a model conduit of such a , material, 

Tun it in the cavitation apparatus for a definite number of hours, remove it and 
measure the depth of pitting, if any, and then state that the same degree of 7 


P oitting must occur at the same location in the prototype after a definite period 
operation. A considerable amount of thought and work was expended in 
efforts to develop ‘such a material, but these efforts were not rewarded with ;. 


| on _ The accurate measurements available of the depth and location of destruc-_ 
tive pitting in in the original conduit entrances of the Madden Dam furnished an a : 
7 exellent opportunity to check the pitting in a model against that of a prototype. _ 
Materials were found which (after a reasonable number of hours of operation in 
models of the original Madden conduits) — would undergo pitting simulating 
= of the prototype quite accurately i in depth and location. ee . However, full q 
success was not obtained i in controlling the uniformity of manufacture of these 
ng q “materials to such a degree that they would always pit to the same depth in n the 
is same number of hours. 
Portland cement concrete or mortar, of approximately the same strength 
ess | _ as that of the > prototype, is altogether too hard for use in pitting tests in the 
enclosed-tank apparatus. In a 1:15 scale model of a Madden conduit con-— : 
structed of this m: material, the depth of pitting after more than a hundred hours: i. , 
of operation amounted to less than an eighth of an inch, whereas the —. 


depth of cutting to simulate the prototype pitting was more than an inch. 
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4 ; the mo model conduits, the best r results being ae seen mixtures of plaster of 
Paris, portland cement, and sand. When a mixture of these materials was 
made sufficiently weak to pit to the required depth in two or three hours of 


operation, there was a general tendency for the surface to soften or dissolve 
and wash away. - This action was more rapid in places where the velocity w as 


Wee 


high, and cutting from this cause could not be distinguished easily from that | 
This difficulty was overcome by p painting the surface of the 


material with a grout of of portland cement and water. _ After setting twenty-four _ 


hours or more , this gave a brittle skin surface which afforded perfect protection 
1a against erosion by : smoothly flowing water, but was was easily y disintegrated by the 


‘The following material when used in a 1:15 scale model of the original — | 


Madden conduits -was found to reproduce the pitting approximately to scale 
during a test ‘period of about two to four hours: 1 part portland cement, 12 


parts plaster of Paris, and 16 parts s sand, , mixed with 7.23 ce of water per mie 


a of dry material. > he wash used on the surface consisted of a portland cement 
“grout containing 17 ce of water per ounce of cement. The pitting obtained 


by operating a a model made of this material for one hour is shown i in ~ 12. 7 


‘eliminating erosion and thes pitting. to the areas, 
much difficulty \ was found in duplicating the thickness and total strength of this 
skin i in models built 2 at different times. In fact, this was one of the principal 


‘ difficulties that prevented the attainment of full success in securing sufficient 
uniformity in the manufacture of model conduits to justify t the placing of com- 

‘Plete reliance on the results of pitting tests on such models. a OO 


“Mover STUDIES OF VaRIOoUS METHODS PROPOSED TO — OR 


CaviraTion: all THE UIT ‘ENTRANCES OF 


pie ‘at Madden Dam, tests were made of 1 various ‘methods proposed to f 
or minimize damage in the conduit entrances. These various 


nethods or measures n may logically be arranged in two general groups—namely: 
Those which have as. their purpose the provision of conduit boundaries 


peer of the flowing water, and (2) those which have as their purpose a youllncary 
adjustment of pressure within the entire conduit or upstream part of it. Among 
, the methods tested in the laboratory may be mentioned the following: _ 


a 


Reconstruction of the conduit entrance to provide ‘more liberal - 
. mn) Extension of the conduit entrance sini from the face of the dam 
to provide a bellmouth entrance (with and without stop-log slot filler iller or cover); , 


Constenstion of a venturi throat i in the critical region of the conduit. 
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(@ Operation of the conduits at partial closure; 
. (b) Provision of a constriction or nozzle at the outlet end of the conduit; 
(ce) Venting of the conduit by admission of air at the stop- log slot; and — 


(d) Venting of the conduit by admission of air at the slide gates. = - 


problem, tests also —n made to indicate what effect debris accumulations on 
the trash racks would have in altering flow conditions : at the entrances to the 
conduits, and what effect such altered flow - conditions would have on cavitation 

In the case of the Madden Dam, all of the measures of were found 
to have the disadvantage of reducing the discharge capacity of the conduits, 7 : 

= and were therefore considered applicable only as temporary expedients. In - 

: Group i, _ under item (a), extensive tests on streamlining the conduit entrances 7 4 

‘resulted i in the development of “Design ‘shown in Fig. 13. was 
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T he model studies showed this design to be free from cavitation even ae 

head much greater than the maximum possible in the prototype. Under item 

: (b) it ‘was found that i in 1 Conduits: 5 and 6, which were already provided with — 

7 bellmouths extending upstream from the entrance, _ cavitation could be elimi-— 

_ nated or minimized by providing the stop-log slot with a strong cover or filler. 

_ Under item (c), the venturi throat was found to have no advantage over over | “Design 

2” to compensate for its greater cost. the case of the Tygart River 
> Dam, ‘the models showed only faint or incipient flashes of ‘cavitation at oT: 

coudalt entrances. - However, since the conduits were to b be steel-lined and — 

- thee entrance castings already had been fabricated a and delivered, , it was decided | 7 
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to complete the installation in accordance with the original design, but to 
J observe carefully the effect of operation by regular inspection of the conduits _ 
and to make such repairs: as necessary if pitting of the entrance casting ‘and 
- Tining is is found to occur. The entrance bells of the Hiwassee, Bluestone, and 
Redbank conduits, designed with exceptionally liberal dares te in the light 
7 of information regarding the Madden difficulties and the model studies, proved _ 
to be entirely free from cavitation, but in the cases of the latter two of these 7 
fi three dams the models detected quite | ‘serious cavitation at gate slots in the 
“preliminary ‘designs, which was later eliminated through revision of these 
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HYDRAULIC TURBINE PRACTICE 
‘A SYMPOSIUM 


it Discussion 


MEssrs. A. WINTER, A L. M. Davis 


arin. 


A.W INTER, Assoc. M . (by let Mattern 
has suggested that a brief description be given of the e power step- -up method : 
which the writer has proposed for predicting the performance \ of prototype — 
turbine installations from test results on strictly homologous models. — The 
method involves a comparison of power output between model and prototype | 
and i in this respect | offers a comprehensive means for predicting field efficiency. 
‘Basically, the method re requires an increase in efficiency for an increase of hor: se- 
power of prototype over model and a decrease in efficiency for a decrease in 
horsepower, 
_ The proposed method further requires that a 
gram be obtained for both model and prototype at ‘the outflow of 
the runner when the final discharge is determined for the field test. _ Thus, a 
“change i in discharge between model and prototype for a given an opening ~~ 
‘requires a a change in phi for each point considered on the horsepower- 
efficiency- phi curves obtained i in the laboratory. One or two approxima-_ 
are are usually sufficient to obtain the ‘correct phi o on the 1orsepower and 
efficiency curves for use in comparison with the horsepower of of the ur unit as deter- 


ee Another factor influencing the relative power of model a and prototy pe is the 
inflow and outflow area and inlet diameter of the turbine runner. tis readily 
seen that a change in orifice area through t the turbine runner with respect to 


the model would produce a change i in horsepower without necessarily changing 
“the turbine efficiency. This very important factor is evaluated by accurately. 


- _ measuring the outflow area of the model and repeating these measurements on 


by 


each runner of its prototype. The necessary correction ‘factor may than be 


osium has appeared in Proceedings, as follows: January, 1940, by Messrs. W. S. Pardoe, and Donald H. 
Mattern; March, 1940, by Messrs. Lewis F. Moody, and R. E. B. Sharp; April, 1940, by Messrs. Martin A. a 
Mason, and E. Shaw Cole; S May, 1940, by Messrs. Paul L. Heslop, and J. D. Scoville; and September, 1940, 
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a ‘ie to account for. lack of similarity between model and prototype. _ These 
: a should be obtainable : from routine records of the turbine manufacturer. a 
~The - following example of computation will serve to illustrate the steps. 
necessary in determining the field efficiency and has been suggested by Mr. 
- Mattern i in connection n with an index test made on 1 units 1 and 2 at ee 
power plant of the Tennessee ‘Valley Authority: 
‘The test was conducted at 50-ft head, or om = 1.74. Since the gate ep | 


> 
-— are hon homologous, the power wer output ¢ of the ‘euheedellh theoretically step up 
_ directly by the ‘square of the diameters and the three-halves power of the head. 


- Reduction of losses, howevel er, is such that the , power 0 of the prototype increases, 
and the actual phi at which the runner is operating must have +e aa 


— method begins by first taking this into account in n Equation (1); thu 


in which: on = = phi, or the ratio of sled velocity of runner to spouting 
velocity « of water at the | head used for the field test; @ = effective phi at which 
runner is operating; Dm = field power stepped a directly from model perform- 
ance: at dm; and P= = 1. 74, (20) becomes 


= 48,000 000 x 1. L74 1.704 (first t approximation). #4 


oie to icine test data and picking - off the values for the p proper gate 
= it is found that the field power Po, stepped up from the model per- 


formance at ¢, = 46, 650, and the model aneeiel (e) at rH) = 87: 2%. 
“discharge. can then be computed: 


Turbine Efficiency ( Percentages ) 


in which: q= q = discharge. computed from model efficiency : and stepped up pow a 


4 at; and he= = head required to produce stepped u up model power at 100% model - 
46,650 


using pg and and From (21), q X 0: 


=9, jj | — 


The theoretical head required” to produce the foregoing power is then 
ao termined. By this means it is possible to work direetly with the fundamental 


quantities without adjusting for variable losses; 


are proportional to the three- -halves power of the heads so. 


——>:from v which, 
6? 


bal 


— &— 
F 
— 
— 
(22) 
— ™ 
From E 
— 
— 
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Discharge ge is proportional to the sqt square root of the heads so that 
Q = — 


— 


Equation (24), Q= = 9. 
= = 9, 506 cu ft per sec. ‘The final value desire ed i is the rr 
43.6 60 


efficiency E, and this can be computed oom the fundamental formula a 


in which 
44.44 


From Equation (25), sida = 88. 8% (based on first * 


50 9,506 X 62.5 


proximation). The e corresponding result from the Moody formula would have 


f 100 — (100 dm ee (26) 


16 \%2 /3.8 
264 (ia 50 ) Too 


‘| 


w 


ane 
Discharge, in Thousands of Cu Ft per Sec 


a 
| 
| 
| 
| 


| 
7 Discharge, Units 1 and 2 = 
We 


Turbine Efficiency (Percentages) 


2 g 


34 


Output, in of Horsepower 


‘The preceding example indicates the grea‘ greatly different results ‘obtained by 
the power r step- “up method and the formula proposed by Professor Moody. . The ; x 
performance curve shown in 1 Fig. 31 for units 1 and 2 of the Wheeler power > : 7 
plant has been derived by the power step-up method based on comprehensive © 
index tests fully e equal to an acceptance test, in regard to the number of ok observa- 
3 tions made and in degree « of a accuracy of m measurement and computation. | : These 
+ 


| 

| 

From Equation (26), E = 100 — ( a 

q 

— 

a 

sam 

hat 

93) | - 
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WwW Where a hydraulic laboratory has established a definite efficiency-increase_ 
ratio. between laboratory and field tests, based on years of experience, 1 no 
‘necessity is seen for the use > of | a step-up formula, since in the final analysis. 
the laboratory differential must be fulfilled if— there is sufficient ‘similarity. 
between model and prototype. It is not conceivable that any manufacturer 
would fail to meet guaranteed efficiency where final acceptance of the turbine 


made on the basis of tests on laboratory models. 
_ However, results of field tests do not confirm full Il attainment i in a all cases 
of the lbernteny ond field differential, ‘and hence the p power step-u up method i is 
proposed, since it L definitely places r responsibility for ' fulfillment of | field require- 


ments without the » necessity of a greatly involved testing procedure, ‘results of 


which might be be questionable ¢ due to unfavorable flow measuring conditions. _ 


(a ) Ny =160 for 162°; b= 1.44 


g 8 


00 
s 
c 
° 
= 
a 
~ 
= 
= 
3 


- With Cylindrical Throat Ring 
With 167" 16" Throat Ring 


> 


032 036 O40 044 j052 056 j+§|$$060 0.64 
‘Turbine Output at One-Foot Head for 163 Runner ver Diameter 


Fia. 32. OF Resvurs on In. ‘Dumerse, Frve- — 


in a spherical shaped throat ring, with its tested i ina yer 
throat ring. These data are at variance 1 with the he test results on which the 
writer based his statements in the last , paragraph ‘under “Turbines.” ia 
The latter test results were on five-blade runner 
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- laboratory at Newport } New s, Va. In Fig. 32 32 comparisons | of enveloping e effi- 

ciency against unit power are made between a cylindrical and spherical throat 

_ ring at unit speeds of 160, 180, and 200. The corresponding values of periph- — 
eral: coefficient (@) are 1.44, 1. 62, and 1. 80 and are about the same as those 

‘noted i in Fig. 20. The test results indicate a definite advantage of the cylin- — 

drical t throat over that particular spherical t pore ring. iT he smallest. diameter 

of the. spherical throat ring was 16.00 in., or 0.970 D, as compared with Mr. 

‘Sharp’s value of f 0.983 D. Since the “ay on the draft tube varies inversely 


‘as the fourth power of the throat diameter, the 16- in. spherical throat. Places 
a reese on the a tube that i is al wre 12. 5% o greater th me that of the 16}-in. 


that the greater clearance at the higher blade causes some 
leakage loss. _ However, that may be overbalanced by the eddy loss created 
dow nstream from the somewhat abrupt curvature of the spherical ‘shape. a 


» The test results at Newport News, in general, indicate that with the adjust- 


over the spherical throat, whereas in the specific speeds 
- there is not much difference. For the lower specific speeds a shape has —_— 
adopted, that is intermediate between the cylindrical and spherical — 
z- which the sectional radius of curvature is made about 1.6 versus 0.50 D. 
| The throat is made 0.98 D and is located well downstream from the blade axis 
at a distance 0.175 D versus Mr. Sharp’s 0.125 D. _ This compromise — 
tion places the throat nearer to the ¢ elevation of the blade tips 1 when fully open — 
and reduces the change in flow angle when passing from the throat to the 
ity may be of interest to observe that. a a cylindrical throat 1 ring design — 


M. Davis, Assoc. M. Am. Soc. CE. (by letter). 1 his heoretical 


analyses of how he arrived at the fifth root exponent for the “Moody step-up _ 

formula, Professor Pardoe has made a . valuable contribution to the ne subject. As, 

is well realized by all parties, however , the correct exponent must be deter- 

mined from experience; and thus more comparisons are necessary between 

model and prototy pe for the large sizes. 


7 __ Mr. Mattern has emphasized a number of important points in his discussi 


7 Fig. 18i is of particular interest since it shows the variations i in expected efficiency 
which result from applyin ing the } Moody step-up formula in the three w ways men- 
tioned. _ As Mr. . Mattern ‘States, . Professor Moody recommends using the peak 

: efficiency of the m model, , regardless « of speed o or blade angle, in n computing the 
increment of efficiency from model to prototype, and then adding this incre- 

ment to all model efficiencies to obtain the expected efficiency. This method 

is now in general use. In his oral discussion of this paper (at the meeting of — 


Power, December, 1939, pp. 744-746. 
_ 38 Hydr. Test Engr., Pennsylvania Water & Power Co., Holtwood, Pa. 
38¢ Received by the Secretary 20, 1940. 
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the Power Division, Rochester, } N. Y. , October, 1938), Professor Pardoe tie. 
/ tee method since at zero power i it would result in an efficiency equal 
to the increment, w hich, of course, is impossible. ‘He s suggested that a more 


of applying be multiply it by the ratio, 


_ 4 Discharge at best efficiency for head and speed ‘conditions i in question | 


Discharge to efficiency point to be stepped up 


‘The ‘result would ‘then be added to the model efficiency. The tendency woul 
then be to give lower expected efficiencies at all points below the point of best 
efficiency, and higher for all points abov e, than the usual method. This would 
be a step in the right direction because ordinarily the ] prototype efficiency has 
such a a tendency i in compar ison to tl the model efficiency. 
Professor. Moody has : shown that the exponent used in the Meody step-up 
isin was determined from comparative model and prototype tests ‘ieiihie 
at that time. This will answer Mr. Mason’s question of the advisability of 
7 “o- a theoretical formula which has a none too stable background. —_—| 
_ The remarks regarding the limitations of the pitot tube to which Sie. Cole 
took exeption we were, to say the least, , Vague. Howev ver, t the idea in mind w as 
that in a larg ge unit intake having two or three intake passages c of r massive e con- 
crete it would be impracticable to attempt to measure water with a pitot tube, 
due to the mechanical difficulties and the expense involv ed. 
Mr. Scoville states that on the 5 ,000-hp_ service unit at Bonneville the field 
test gave efficiencies 1% above the e expected at higher loads than the best 
- efficiency and 1% lower than the expected at lower loads. This adds, weight 
Professor Pardoe’ 8 ‘suggestion for applying the step- up. 
ai ‘Mr. Beattie has presented some very interesting information — on ex 
- perience. _d As he states, the behavior of the power and discharge character istics | 
of different turbine models is quite different near the > point where cavitation | 
starts. — No doubt. the location in the turbine where: cavitation takes place 
dictates the behavior of the power and discharge characteristics. It seems 
quite logical that, if cavitation occurred well upstream fr the point 
in aie the ‘might be reduced 


that by a slight alteration i in n blade shape this beste: pressure zone occurring v4 


_ stream from the point of maximum velocity might be eliminated and the cav ita- 
tion character isties ‘thus improve ed. 


The basis for the statement that failure of the unit power and unit discharge 
breaks t to coincide is an indication of faulty design is that, in a turbine of perfect 


1, cavitation may be « expected to occur f first at the of maximum 
velocity, which results i in minimum | pressure. | This will naturally be at the 


minimum discharge area in the turbine where it seems to ane effect 
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DISCUS 


TRANSIENT FLOOD PEAKS 


B. LyNcH, M. Am. Soc. C. 


.YNCH, M. Am. Soc. C.E . (by letter). p purpose of this 
‘paper was attention to, and data to, the excessive 


will as my give a of then. Such floods have ont re- 
_ ceived the consideration due them from engineers. _ This condition is due 


7 equally t to lack of data and lack of discussion. The areas generating tl the floods 
| have almost always been | uninhabited and devoid of rain gages. As a result, 


rf it has been simple to assume that floods were caused by extremely r heavy rates 


- The Southern ( California flood of January 1, 1934, was unique among floods — 


this pe because of the data. the Sierra 


All showed that ‘rainfall rates were 
: 7 high. | The excessive cross sections were measured on all sides of the ‘gages and 
‘inhabited locations. As a result of the information available, the usual 

planation of a “cloudburst”’ was not advanced by any one who studied the 


phenomena at hand, 80 far as s the Ww rriter knows. 


The ar to acknow a debt all who discussed it, whether in 
_ agreement or in objection. | _ The discussion has furnished important data, and 
a _ thrown much light on various matters connected with these floods. ee 


*— _ There is no controversy as to the occurrence of large cross sections 0 or high 
ct I velocities. Those familiar with the ground, who discussed the paper, found 
at -_ Nore.—This paper by Henry B. Lynch, M. Am. Soc. C. E., was published in November, 1939, Pro- 
a | . ceedings. Discussion on this paper has appeared in Proceedings, as follows: January, 1940, by Ivan E. 

AY y Houk, M. Am. Soe. C. E.; March, 1940, by Messrs. Gordon R. Williams, and Donald M. Baker; aoeme 7 


: 1940, by Messrs. James M. Fox, F.C. Finkle, A. L. Sonderegger, and Harold C. Troxell and R. Stan] ev 
Lord; May, 1940, by Messrs. Karl J. Bermel, and R. W. Davenport; June, 1940, by Walter J. Wood and 


Maxwell 7. Burke, Assoc. Members, Am. Soc. C. E.; and October, 1940, by Franklin a M. Am. 
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conditions ‘due the flood. Objections to te given by 
the writer have all revolv ed the proposition that. rate 


cases, as the failure of 


- _ a he writer: has no doubt that all of the factors s enumerated i in the objections 
were present during the flood, to some e extent, or at some time. It is ; not 
_ believed, I however, ‘that any of them, | or all l of them combined, were sufficient “a 
to account for the destruction wrought by | the flood , or for » the other facts 


disclosed, 
discussion has revealed three basically differing explanations to ac- 


aaah) That the large cross sections resulted from a retardation. of - strea 
flow as it passed down the channels, and its consequent accumulation, this _ 
retardation being caused by a mass of water and debris, which acted somew hat. 
as a ‘moving barrier, traveling downstream at a slower rate than the velocity 
the water behind it it, gradually impounding such water; 
- (2) That these flows were slow- -moving bodies of water, very -y heav ily loaded 
with debris and advancing somewhat a as a mud flow, and that the rate of flow 


of water in the streams was never greater than would be accounted for by the 


(3) That the cross- sectional areas of channels v were temporarily greatly re- 
duced by accumulations of debris. _ Over a ‘part, or all, of the widths o of the 
debris, streams of water flowed at rates of discharge that could be explained 
at all times by the rates of rainfall on the drainage are: rea a. These streams might 
attain high surface velocity. Subsequent cutting removed most of the tem- 


a 
porary channel loads. _ As a result of these conditions, cross sections measured 
subsequent to the flood did not correctly represent eas — that existed 


‘The first” explanation is that adopted by the writer. aves were con- 
stantly augmented by high-velocity surface water from upstream which ad- 
vanced to the wave front and then largely dissipated its ; energy in turbulent 
_ - Although ‘the data do not. permit an estimate of the instantaneous flow, 
5 perhaps « a rough approximation to the lower limit of flow s directly | behind wave 
fronts is feasible. This involves the the surface ‘velocities as ‘computed from 


In Hall- a on, surface velocity has been computed as 1 not less 
_ 25 ft per sec near the left bank of the stream. If clear w ater, , only, had 
flowed in this canyon, the properties of the stream bed would require a hy- 


draulic radius of 2 2.93 ft in for the surface reach this velocity. 


£ 
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- = _ draulie radius becomes 2.93 ft. For such a cross section the flow of clear water 
ms a ‘needed to sustain this surface velocity is 5,300 cu ft per sec, equal to a runofi | 
a q = over the drainage area at the rate of 11 in. of depth per hour. When allowance 
at _) _ is made for the heavy debris load, then the quantity of water flowing is increased 

the quantity necessary to impart velocity to the debris. 


EFT BY OVERFLOW OF PicKENS CHANNEL 


Fia. 23.—Bovu.prers Destruction L 


er, 1940 LYNCH ON TRANSIENT FLOOD PEAKS 1669 


“LYNCH ¢ ON TRANSIENT T FLOOD PE PEAKS 
n proceeds upon assum tions of average , velocity and 
ge of volume of water to debris which have been g given variously by different 
ry writers. s The following are about as low as were given by any one: Average 
velocity = = 10 ft per sec, and ratio of water = = one third of volume. 
i On this basis the rate of flow of water and debris above tops of check dams 
in ‘Hall-Beckley Canyon becomes 6, 800 « cu ft per see, and clear water is 2, 266 
eu ft per sec. - This is at the rate of almost 5 in. in depth per hour over the 
% The measurements at this po point did not seem to be open to question. . It 
does not appear to the writer t to be possible t¢ to ‘invoke the ee | 
in Hall- Beckley Canyon, even when a average . rate of flow and percentage of 
clear water are u used, which h are lower t than the most: extreme vi values that any 
one has suggested. same statement applies to W inery, Mullaly ‘Fork, 
West Fork of Eagle, Shields, Dunsmuir, Cooks, and Blanchard canyons. 
_ The third explanation calls for positive physical elevation of the stream 
from 6 to 20 ft throughout almost the entire length of the channels. These 
fills are stated to be formed during the earlier stages of the flood, when waters: 
rising, and to be ‘composed of boulders, gravel, sand, and The fills 
are scoured out at a later stage of of the same flood, leaving, however, numerous 
evidences of their former presence. ‘* The writer saw no places or photographs | 
to indicate that this had occurred | except i in a few fills in protected locations | 
within the channel. me hese were } never more than 3 ft deep, and were not 
_ typical of usual conditions. Fig. 15 was from a photograph taken after an 
- ensuing small flood in October, 1934, of almost a year later. It does not relate 
to the type of action described, but to one almost diametrically opposite. 7. This | 
: ‘fill was composed of almost pure sand, about 5 ft ft deep. It was made at a late. 
stage of the January flood, velocities were so low that the flow carried 
' _ only sand, and deposited a large’ part of that. Afterw ard it was scoured out 
I by” the rising water from a subsequent storm. The same thing occurred at 
: that time in many places in the lower channels. i It can be duplicated whenever 
a small flood follows a major one. The early stages of a large flood scour out 


all evidence of these deposits of loose sand. 


— On the inhabited slopes | below the mountains many « of the difficulties of 

q the ‘second and third explanations are common to both. - Fig. 22 shows the 

7 cone b below ‘Pickens Canyon and | the widespread destruction from this flood. 

The catchment area is 1.81 | sq miles. Any satisfactory explanation must 
account for conditions here as well as in the canyons. *F ig. 23 shows boulders © 

7 thrown outside of Pickens channel downstream from the mountains, in the 

flood of January 1, 1934. Figs. . 23(a) and 23(b) are views on the east side and 
Fi ig. 23(c) is a view on the west side. *. ‘The boulder in the foreground of Fig. 7 

23(a) weighed about 13 tons. Tf either | the second or the third explanation is 

: boulders were deposited, together with gravel, , sand , and fines, 


by yy comparatively small streams of 1 water. Later in the pace of the flood, 


-underloaded streams of water, also comparatively small, are supposed to have 7 
overflowed from the channel and washed all of the one and _— from 


each of these areas. 


Flood in La Cafiada Valley, California, January 1 1934," ” by Harold C. Troxell rary John a 
Peterson, U.S. Survey Water Paper No, 796-C, 1937, Plate 24—A, 
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1 CONSTRUCTION _CABLEWAYS 


a 


By ADOLPH J. ACKERMAN, M _ AM. Soc. C. E. 7 


ioe 


| 
ADOLPH J. ACKERMAN," | 10M. Am. Soc. C. E. ey letter). 100__The aut authors of 


-— and operation of modern cableways. It is seldom that information on 
heavy- -duty construction equipment i is available in such detail, and the data 
= respect to design, performance, and operation, including first cost and 

operating costs, are very valuable. The cableways used in the construction 
oe the Norris Dam are in Gana engineering projects of sufficient i ‘impor- 

tance to merit a place in the engineering literature, 7 

7 ‘The ordinary impression regarding such heavy-duty cableways is that they 


_ represent an ‘excessive investment and as such : are a begat type of ¢ con- 


| _ this ‘paper have rendered a valuable service in describing the design, construc- 


fiom it is the writer’ s ‘opinion that where t topography is and wheve 

the volume of concrete to be handled is of substantial proportions, there is no 

- cheaper way to build a dam than | by cableway. > Furthermore, it is important 

recognize that cableways of small capacities, and. moderate cost have been 

used for a great: v ‘ariety of work in Europe, even for the construction of ships, 

| and it is unusual that they” have not found wider acceptance in the United 

"States. 7 Probably one of the reasons for this is that 1 many y engineers a and con con-— 

-Structors are not “cableway minded,” and tend to visualize a cableway as a 4 

_ highly flexible and unstable unit that is not 2 as dependable » as a crane =a 

al on ‘m 1 ground. Nevertheless, those who have had ‘experience with cable- 
ways, and have | “organi lizations of riggers and other personnel skilled in the 
handling of cableways, realize that the full possibilities i in cableways have not 
d reached and that they deserve a much wider application. 
he first important installation of heavy-duty cableway, capable of 
"handling 2 25 tons, was vas used i in the construction of the Owyhee | Dam i in Oregon 


> 1929 and 1930, and in many respects this was the forerunner of a number of _ 


—— —This paper by R. T. Colburn, M. Am. Soc. C. E., and L. A. Schmidt, Jr., Assoc. M. Am. 
Soe. C. E., was published in December, 1939, Proceedings. Discussion on this paper has appeared in 
mn Beslan as follows: March, 1940, by J. S. Foster, Esq.; April, 1940, by Gordon H. ..-~ a M. Am, 
ad Soc. C. E.; and June, 1940, by Messrs. Walter F. Weber and Blair Birdsall, and G. E. Cate. eet - 
10 Director of Eng., Dravo Corp., Neville Island, Pittsburgh, Pa. 
Q ; 10a Receiv ved by the Secretary October 3, 1940. 
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heav y-duty cableways built since then. 7 Fable 10 contains a list of the impor- 
tant cableway installations used in the construction of dams during - the ten 


Num- Track Heap Towrr Tower 


of ity, in in | diam-|power,| {| 
ways in in. 


Owyhee.. 
Madden. . 


Morris (Pine Cany on).. 
Bonneville lock and 
power house.. = 
spillway. 


— 


Ford 
Shasta 


7 
t 
5 


Mention should also” be made « of the 150- ton cableway t that has been in- 
{ stalled permanently ‘at Hoover Dam for handling heavy | equipment from the 
rim of the canyon down to the power-house levels on either side of the river. 

This i is an outstanding engineering accomplishment i in this field and indicates 
‘the possibilities in the use of cableways. 
Concrete Buckets.—At the time the Norris Dam -cableways were proposed 


‘there was considerable discussion on the question of whether the concrete 


‘should be handled in buckets of 4-yd capacity or 8-yd capacity. In several 
earlier | cases the 8-yd buckets had developed objections because the type of 
bucket used. discharged the concrete too suddenly and with sufficient impact 
to disturb | the concrete below which was in the process o of setting. Sev eral 
installations of cableways | with | 4-yd buckets had proved satisfactory, but it~ 
was decided finally - to compromise : and use two cableways with 6- yd buckets. 
The use of two cableways provided an economical arrangement and increased 
flexibility; but, as has been demonstrated on other jobs, a single cableway ay with 
- 2 8-yd bucket of improved design can be used successfully in the construction 
of a dam as large : as Norris Dam. 
Since the concrete bucket on a cableway is the “business end,” this part of 
ite equipment deserves special attention. — At Norris Dam efforts were made 
to improve the method of discharging large volumes of concrete with a ‘mini- 
mum of segregation and impact ai and this led to a very us useful development, : 
originated by Ross W hite, M. Am. Soe. C. E. —namely, an an air ram built into 
_ the » bucket i in such a way that, when an operator in the form applied a a short 
air ‘nozzle to an air socket on the bucket, the 1 ram would do the heavy part of 
the work in n operating the gate. on the bucket. By ‘proper adjustment: of the 
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Runways —In n planning the installation « a cableway, 
cipal problem is to find suitable sites for the tower runw ays. — It is normally 
7 desirable t to keep: the span as short as possible; and under ideal conditions a flat 
area on each side of the ¢ canyon provides the most favorable runw ay sites. : 
a However, in many cases the profile at: the dam site continues to rise ' to a 
considerable height above the top 0 of the abutment. . It then becomes. necessary 


to excavate a bench in the hillside. This means that the ground directly i in 


front of the runway, sloping downward into the’ valley, introduces problems of 
instability with respect to supporting the horizontal forces from the tension — 
in the track cable and operating rope. Where the bench can be excavated 


into solid. rock, this isa serious pr roblem, but a solid formation 


_ In the earlier ‘of towers considerati 


moments in the w frequently in 1 breakage of flar ges 


or wheels, 

; An improvement over this design consisted of inclining the front. 
‘i the same general direction as the front part of the tower so that the wheels © 
- = both a vertical component and a horizontal component or a resultant 7 
de inclined force corresponding more or less to the inclination of the wheels. 
ol 7 his arrangement, however, meant that the runways had to be built either of 
il steel, on solid rock, or with heavy ties. connecting the front and rear tracks to 
if | prevent spreading under the constant shifting of the Ww heel loads betw een front: 
ot | and rear tracks. | For example, with no load on the cablewa ay y the maximum > 
al wheel load is on the rear tracks due to the counterw veight. _ However, as heavy 


loads picked up on the | cableway to the point where practically all of the 
~ counterweight is lifted, the entire force—cable pull and tower weight—is bal- 
anced on the front tracks. It is interesting to note that on many European 
cableways the rear track is eliminated entirely and only front inclined wheels 
= used, the back end of the tower rocking up and down, depending on the — 


cableway towers adaptable. toa greater variety of. ‘runway conditions, 
writer conceived the idea of a tower in w hich all horizontal thrust i is taken at 
the rear of the tower and transmitted into the e runway at that p point. - Since | a 
: its first application at Madden Dam i in the Panama Canal Zone, a —_ of 
dams have been built 1 using this type pe of cableway. 


er The principal advantage is tl that the resultant inclined thrust is iat tran 
-initted into the front edge of a e of a runway fill wher fill where it t is least sti stable, but is 8 directed 


Asa further i improv ement in wheel arrangement and in order to make ~ 


| 
‘The bucket was so designed that it would reclose automatically while it was 
— 
| 
earth fills that have similar characteristics of instability against horizontal 
the downward sloping © 
7 was supported on ordinary railroad trucks, and the horizontal thrust was trans- * ; — 
3 
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into the rear side. of t the e fill and the entire fill is 5 utilised to resist ‘the horizontal 
thrust. This is is clearly indicated in Fig. ‘showing the location of the hori- 
zontal thrust wheels running on an earth-fill runway for the tail towers wers at — 
Norris Dam. — Itis apparent that if the front wheels had been inclined to car carry 
the tremendous resultant thrust without using the rear thrust wheels, the fit 
_would have required considerable additional width. A further advantage of 


3 this arrangement of wheels is that under all conditions of cableway loading the 
pr incipal runway reactions are carried at the rear. With no cableway load, 
when the counterweight is most active, the principal force, of course, is on the | 


‘rear wheels. At full cableway load the vertical forces on the front wheels. 
 inerease but none of the heavy horizontal ‘component is transmitted to ‘the 7 
. front wheels; this remains at the rear of the runway. 7 T his means that with a 
. dependable pnennnenry of tracks at the1 rear, the tower could still operate with - 
considerable misalinement or settlement of the front track. 
~The result of all this is that the structural arrangement of the runways 
_ of the tower is made > as simple a as possible. _ The importance of “economy 
in the location and design of runways is apparent from the fact that in the case 
of the Norris Dam i installation they represented $87,000 of the total cost; very 
_ The authors call attention to the advantage of introducing the horizontal 
thrust at the rear of a runway, and 1 refer to : toa a cave- in that occurred under the 
head tower. _ Referring to Fig. i, the ru runwa ay vy for the head tower is shown in * 
a detail. 
filled cavern in ‘area, Ww hich was being out prior to to 
filling) with concrete, had a chimney outlet, it so that one of the 
_ trestle runw ay bents was located directly over this chimney. In cleaning out — 
_ the clay plug in the cavern below, a displacement occurred and the trestle bent. 
suddenly sank several feet: while supporting one of the head towers. — Without 
rear thrust-wheel anchorage this tower would have rolled down the hillside. 
Radial Cableways.—In some cases the topography does not lend itself to 
— economical construction of parallel runways for two traveling towers. 7 In such | 
cases, it is generally feasible to locate a rad radial ial runway for a traveling tow er on 


7 peng ee of the1 river, anda . fixed high tower on on the other side so so that the cable- 


_ Way serves a fanlike area V which covers the e entire construction site. T ypical 
- installations of this ty pe w ere used i in the construction n of Bonneville, Marshall "4 
_ At Marshall Ford Dam one 8- yd radial cableway Vv was used, but the other | i 
“projects had two radial cablew ays, two traveling towers in each 
on the same > radial track. In most cases operating mat 


‘The tail towers were phate the cable per 
at the top of the 1 towers to deadmen anchored securely in the ground some dis- 
tance: to the rear. In this manner the towers acted as struts and little tension 


wascarried inanyofthelegs, 
ia The anchorage of the track cable an and of ‘the backstay cable > deserves age 
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or der of 200 to 250 D tons. The: problem is aggravated by the fact that with a 
concrete bucket trav reling out and back in a 3-min to 4-min cycle, the release 
of load is fairly rapid: (w ithin 8 to il sec) - considerable bouncing of the © 
In the aforementioned installa- 
tone, this problem was handled i in a very satisfactory 1 manner by relieving the - 
tower of most of the change i in hor izontal force and carrying such forces directly, 
The connection at the top of the ‘tower consisted of a pair of eyebars sus- _ 
pended from a horizontal pin. These bars were about 3 ft long and were free 
to swing in a vertical plane. The lower end of the bars carried a heavy | pin, 
op tres te with a universal joint which in turn held the terminal eyebars of the 
_ main track cable. The universal joint permitted the track cable to move | 
= through . the arc made by the traveling | tower at the other end of the 


span. A second pair of eyebars about 3 ‘ft long. was framed into the sa same lower 
pin and, extended rearward to a connection with the backstays. 
words, the vertical eyebar hangars supported the juncture of of the backstay w ith 
the track cable. Then the assembly was free to rock back and forth with 
changes in track-cable tension without changing tl the loading in the supporting 
tower over an excessive range, except. in so far as a shifting « of the resultant 
represented by the swinging of the suspender bars. These eyebars were 
restrained to rock, only in a vertical plane, by means of rollers mounted at the 
outer end of the universal joint pin, and these rollers transmitted directly into 
the ta tow er frame | the lateral component t that was introduced by the travel of 
tail tower on either side of the center line. 
Where the radial cableway covers a considerable are, it ; may | be advisable 
to > carry | two lines of backstays so that the track-cable forces a2 are split into two 
with whatever internal angle seems most desirable. 
, ¥ he writer recently had occasion to explore the use of a backstay with the 
4 track cable » anchored directly to the top of the tower without rocker links. . 
_ ‘Such a tower must | either be strong enough as a cantileve er to t take the ¢ entire 
4 force or to carry part of the force w ithin its range of deflection, the remaining © 
force being carried by the backstay. For such a condition it was found that — a 
any kind of twisted cable or even locked coil cable has a modulus of of elasticity — 
(about 19,000 000) that: is too low to ] per rmit much o of the load to o go into a a 
7 backstay even when pre-stressed. In other words, the rigidity of the tower is 
ordinarily s such that it tends to pick 1 up most of the horizontal load within 1 its: 7 
“normal 1 range of deflection; and the resulting stretch in the backstays has not = 
led to a substantial i increase in stress even though the backstays have initially 
deen pulled u up until most of the : sag in n them has been eliminated . When it is 
a desirable to use backstays in combination with a rigid tower, it appears ad- 
visable to make them of standard high tensile suspension bridge wires which © 
have a modulus of elasticity. of 29,000,000. | _ This modulus is nearly the ‘same 


as in \ the § structural steel in the tower, and therefore they tend to work as a | 


Mechanical and Hoisting Equipment. --A further interesting re- 


spect to arrangement of w of wheels on traveling towers is the drive for moving the 
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towers. x. ‘The authors have shown, in Figs. 3 and 5, asy of cables 
_ at each end of the runway with a a spooling typ pe of hoist mounted in the tower 
which can run back and forth on these cables to move the tower. More -. 
—— traversing drives have e been en developed ‘consisting of motors and | 
t-connected to the wheels on the rear trucks, similar to 
“the drives on modern gantry cranes. Here again the localizing of © | 
forces at the rear of the tower simplifies the e duty of such a drive in moving the 
tre mendous weight of a . cableway tower. 


‘The main hoist described by the ‘authors is the usual type of hoist and 
OS installation. _ An important advance in this respect was made on three 7 


of the large cableways for Shasta variable voltage control was 


generator unit in each cableway, the generator being: DC and furnishing powe ~ : 

to a DC hoist motor. R. F. _ Emerson, electrical engineer for the Gener ral 

Electric Company, Schenectady, N. Y., has show n" that, with this system, 7 

_ the bucket can be accelerated or retarded smoothly by varying» the generator 

voltage, and higher speed of the empty bucket is attained, thus. reducing the 


time of the return trip over that required with AC drive. . was estimated | 
‘that this | ar rangement would result i in — tee from the cycle time for 


in this case was at $150, 000. 
Also, the ne can spot the bucket with greater ease; the power factor of 


d!? of power consumption taken during a typical 
“eydle 0 of operation o on n the Dam. cableway. 


dation ar are much smoother. of these facts is appreciated = 


“because it shows that 68, 000 tons of ueataataln other than conerete were fended 
by the Norris Dam cableways during the construction of the edam. The availa- 
a a bility of hooks of such high capacity to handle the great amount of other heavy — 

- 4 materials and equipment h has an important bearing on the economics | of an 
= struction plant selection, and in determining the justification ion of cableways 0 over ? 

other types of cranes for the placing of of concrete. 
oA direct. comparison n from actual experience with respect to a large dam 

“built by cableways, and a a very ‘similar built by whirler cranes, showed 
some interesting results. The monthly placing rate ¢ on each dam was, at its 

best, about 95 ,000 cu yd, or an average of 3,657 cu yd per day for ‘the entire 
month. best day on dam was almost the same—namely, 4,500 cu yd. 
The costs of those items directly influenced by the plant i in the production 


placing of concrete were asfollows: = 


Engineering News-Record, June 6,1940,p.116. 


For illustration of graphic power chart, see and Pl Plant,” "by az. 2. Ac rman 
and C. H. Locher, Members, Am. Soc. C. E., McGraw-Hill Book Co. » Inc., 1940, p. “ 
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““Cableway” “Ww hirler” dam 
68, 500 


Cableways and appurtenances. 328, 


Whi hirler cranes, trestle runway, —_ 


a umber of men on all operations. tive 


‘Plant amortization: per cu of on 

Operation, labor, mater ials, and 


_ tenance per cu yd of concrete. 


The difference in unit costs is $0.379, or $379, 000 on 1,000,00 cu yd of 
concrete. It should be noted that whereas the first cost of plant for the 
-“whirler”” dam was practically 19 cents per cu yd less than for the ‘“‘cableway” 
- dam, the operating costs were substantially higher and resulted i in a net differ- 
— ence of 38 cents per cu yd in fav vor of the ‘ “cableway” dam. . The lower first — 
of plant on the whirler” dam, using standard equipment of smaller 


indir meant: using smaller buckets, more hooks, more signalmen, more 


= 


and extra placing co costs around 

the legs of the embedded bridge, all of of which contributed to increased operating 

costs in the production of concrete. e. This demonstrates the importance of 
spending enough aes at the beginning of a job to obtain the lowest ulti- 


4 


of various cableway installations as well as other types of concrete 
; handling equipment for most of the dams built during the fifteen years since 
7 1925, and some important | conclusions were derived therefrom v with respect to 
economies of construction plant layout as well as speed of construction for 

a ension Waves es in Cables. —The tests described in the latter part of the 

7 paper are of special significance as they offer the first dependable infor mation — 
regarding. stresses in operating ropes and track cables for large cableways made 
vr under actual operating conditions. The great increase in stress observed in 
tests as 8 compared with stresses computed by the formulas 


- inapeetion of the chart indicates that the stress waves in the track cable pos 
“not merely when a heavy load of concrete is suddenly discharged, but ol 
present at all times while a load is traveling back and forth on the cable. vied 
stress wave has a well-defined period of 5 ‘sec or a frequency of 12 cycles per | 
min, ‘It is significant that this is a stress wave running axially in the cable a 
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and not a of the cable itself. If. The most important conclusion 
_ these tests was that the operating stress in the track cable is about 30% 

: - greater than that obtained by a conventional cable formula, because the | bard 
_ formula i is based on a static > loading of the cable, whereas the i increase in stress. 


4 


, ill In the spring of 1939, at Shasta Dam, the writer revi iewed the proposed — 

plans for a cableway layout of most unusual and i ingenious form. | This cable- 
way layout consists of a fixed central tower with seven radial cableways all 
_ terminating in this tower. . This scheme was devised by Francis Crowe, 
-M. Am. Soe. C. E., , and as a result of a a great many studies of different types of 
construction — vious and cableway arrangement, it was concluded that the 

ss _ adopted scheme would result in the concrete being placed at minimum cost 
and in the most pr actical manner . The central tower is a cantilever structure | 


ft ith a horizontal pull of 3,000,000 Ib resultant: at the top. This: 


iy As a result of the tests made on the Norris Dem ‘cableways, it was oe 
that the applied loading on the tower for design purposes should include an 
allowance for dynamic loading at least 30% greater than obtains for static 
conditions. © Considerable attention was given to the question of waves in 
; and it can be 1 readily visualized that with six or seven cablewa ays, e each 
ear urying 8 cu yd of concrete and discharging at various inter vals and some- 
times | simultaneously, a ‘most complex: condition of stresses is introduced at 
the anchorage in the top of the high tower. The spans vary in length from 
2,600 ft to 720 ft and are arrenged 1 to cover the entire area of the dam within 
an are of about 120°. he writer was tempted to. christen this. remarkable 
-cableway arrangement “Crowe's Harp.’ 
phenomenon of stress waves in cables w ‘as observed more ona 
deep mine hoisting cable used in constructing one of the tunnel sections on the — 
pe sony Aqueduct of the New York Board of Water Supply. It was found 
a. that the stress waves extended d through the hoisting machinery into the 500- hp 
motor *w here they were observed by a graphical oscillograph w hich ‘measured : 
_ the change i in epee in one of the motor phase leads. T ‘he change in 
any considerations g given in the 
design of the motor, and might caused serious damage if not detected 
in time. The period of the stress wave, as here measured electrically, coin- 


cided w ith : an easily observed oscillation in the free inclined span cable betw een 
head frame and hoist. 
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By N. CHERNIACK, Assoc. M. Am. —s 


8 Assoc. M. Am. Soc. C. E. (by letter) his discussion 
of the paper, Commissioner Van W agoner | has labeled it properly an “outline - 
of attack upon the e problem of determining the economic feasibility of a pro-- 
“posed vehicular crossing.’ was intended to be just that. He has presented 
an excellent brief outline of the paper and has ‘‘put his finger on a weak spot,” 
which, at the same time, happens to be one of the ‘most difficult: phases of 
estimating potential traffic. That phase relates to: (1) The determination of 
‘the ‘relative merit r: ratings” of all alternate routes on the basis of the present 
volumes these routes now handle along + summer of ‘ ‘lines of f travel”; (2) esti- 
‘mating the e corresponding ‘ ‘relative merit 1 ratings” of the proposed route on the 
basis of its travel characteristics relative to its competitor routes; (3) from | 
these | “ratings” determining the redistribution of travel, the new 
Toute to be. opened; and (4) thus estimating the shares which the new route 
would handle of each “line of travel.” Commissioner Van W agoner also- 
: justifiably complains that the writer has not explained why the rating equation a 
should bei in the nature of a compound | interest or discount formula, nor how 
the value of d, the amount of the discount, is to be determined. Sees 
No economic law that is to be expressed by a 1 mathematical equation can — 
ever be induced from the observed quantitative data. The data may indicate a 
the general type and “family” of curves that would best | expre ss the law 
mathematically, but the specific mathematical funetion must be selected arbi- 


m 
arily by the investigator. After selecting, such an equation, the data then 
wi 


by the “least-s ~square’ or analytical o or ‘might 
be e pertinent t to mention that the “‘Teast- -square’”’ ” method i is limited to the de- 


a mi Nore.—This paper by N. Cherniack, , Assoc. M. Am. Soc. Cc. E. Was p published i in n February, 1940, 
_ Proceedings. _ Discussion on this paper has appeared in Proceedings, as follows: June, 1940, by Murray D. 


an Wagoner, M. Am. Soc. C. E.; and September, 1940, , by a. Charles B. Winick, and James H. 


8 Statistical Analyst, The ‘tion of New York Authority, _— York, N. Y. a J 


ia 
MEASURING THE POTENTIAL TRAFFIC OF A 
PROPOSED _VE CROSSING — 
| 
t 
n 
n 
: 
» 
he 
ed 
en 
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in equations that can conv rerted into 
“line” forms, means of trigonometric, or other functions. 
Thus, | consider the particular problem at hand—that of establishing the 
4 law w between the “‘relative merit rating” (or relative patronage) of a given route 
; along a given “line of travel” and the several factors that motorists take into 
account in allotting their patronage—namely, Tunning and waiting time, 
distance, tolls, and such other ‘ “preference” or “prejudice” ’ factors as scenery . 
(slums), safety (hazards), travel habits, etc. — ~The simplest inverse relationship 
_ between the ‘relative rating” and the av erage inconvenience relative to the 4 
best crossing may be expressed by : a straight line with a negative slope, as in 
the approximate Eq. 66, in which the discount factor d is the constant slope in 


the straight line. Its “constants”’ _ be determined as follow s: Eqs. 6 6b and7 
are first combined into 


r=1-—-At, AC, Crd — AtwACw d - ADA ACad AT 


12 being i in the “straight- line’”’ form, its ‘ “constants” may now be ob- 
tained by the ‘ ‘least-s “square” method by setting up as many equations as the 
will permit. In each equation substitute the observed values of At, 
| difference i in running time along the “line of travel” via the given crossing 
and relative to the best route), Atw (relative w waiting time), , AD (relative dis- 
tance), _and AT (toll difference). Now solve by ‘ “Teast squares” ’ to determine 
AC, d, ACw d, ACad, d, and AC». Having determined d, solve for. ac, (the 
value of the running time difference), ACY (value of the e waiting t: time difference), 
ACa (value of the distance difference), and AC> (the combined value of the 
“prejudice” and “‘preference”’ factors). ¥ - Of course, AC, may be broken up into 
several indivic idual ‘ “preference” or “prejudice” applicable to specific 
“sections | of routes, some of which may be. particularly attractive and some 
particularly repulsive to travel. These values of the “constants” would” 


constitute ‘ ‘first approximations. 
7 Analysis of a great many ' “lines of trav el,” however, indicated that even the 


poorest alternative route carries some competitive travel. Hence, the “rating” 
of even the poorest crossing is practically never zero, | and from its nature it 


can have ni no minus value. 7 Therefore, a a straight line v Ww vith negative sl slope is only 


om: crude approximation of the ‘ “rating” equation. 7 Some curvilinear r relationship 

would be a more | realistic expression. _ Al hyperbola, for "example, might have 

7 been chosen as one family of ‘such curves. = The writer, however, chose the 
_ discount or compound interest curve, since it i is a familiar everyday concept in 

financial transactions and lends itself to simple application to this problem. 

It may be translated to mean that the average motorist “discounts” the value 

of the route in the same way that a realtor would discount the value of a a pareel 

Ss real estate—for example, relative to some other parcel of known value on the 


of he knows real- estate values. 
straight 
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Then let r’ = log r and (1 that: 


Then by combining Eq. 136 with Eq. 7 , the values of the ‘ ‘constants”’ may 

It will be seen that one’s judgment need not enter into the determination of 

Ee values of the independent factors of costs of running time, waiting time, | 
‘distance, and the values of the ‘ “prejudice” and ‘ “preference” factors or the 
discount factor “d, the mathematical Eqs. 6a, 6b, and 7. These e equations, 

. _ therefore, are pow erful tools in determining the vale of these factors as end 
_ by motorists in the aggregate a at the time when, and the place w where, the — 
and destination surveys w ere made. - On the other hand, the ‘ ‘constants” 
these need not be determined Strictly and od 


~ accurately the manner in which motorists in the aggregate distribute their 

trav vel among routes of different attractive eness, as reflected by the several 


In his s discussion of the paper, Mr. Winick was kind enough to state that 
ie writer has at least rationalized the subject of traffic analysis. On the other 
hand, he proceeded at once to make a number of very serious criticisms as to 
e application of the principles presented, the “most. important o of which, 
summarized, are | that: (1) Future events are so much in the dark th that the 
"problem of measuring them is almost insurmountable; (2) the estimator of 
“traffic and revenues of a proposed project is subject to greater pressure to raise q 
Byes than the estimator of costs of construction to reduce costs; and (3) 7 
the “personal equation” is the predominant factor in estimating traffic and 
4 In reply to the first criticism, it can be said that, on the one hand, — 
- engineer | is accustomed to ‘taking a account of future events, as in estimating — 
| future costs, for example. =, On the other hand, his projects pray influence the 
future. - In so far as the engineer controls a part of the future, he ‘should be- 
able to estimate its effects on his figures. Thus, it is now generally admitted — 
that every new facility will ‘“generate”’ some new traffic. . In the past, how ever, 
engineers have “leaned over backwards” in estimating this item and, as a 
consequence, it has been invariably fact, in planning free high- 
way facilities engineers may well be criticized for having either overlooked this — 
item entirely, or having failed to give it sufficient value. The result has s been 
that every new super- -highway, by virtue of its tremendous superiority, has _ 


sw ramped and clogged in the first few years of its life. For example, the 
writer: is to admit on traffic ‘generation’ ’ which ‘results: from the 


peer howev ever, is not an ienmedidie task by any means. “he can 

mea 
. sured if if sufficient data are collected and the necessary research to do it 
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4 is properly conducted. _ As in other problems of research, the eng engineer has the 


— ‘Inhi his second general criticism, Mr. W inick states that. 


the most 


“Tn eases w here the toll charge i is determined * * accurate | 7 
traffic analysis will of necessity become prejudicial ‘since all interests 
connected with the promotion of the project will tend to develop some 
one or another thesis that the required amount of traf traffic will be met or 


In effect ‘7 nick thus ac accuses the traffic analyst of f dishonesty under — 
; ‘Usually, tr traffic and re revenue estimates for any given v vehicular project are. 
prepared simultaneously y with estimates of costs of construction, 1 maintenance, 
operation. Subsequently, revenue estimates ‘balanced against cost 
estimates to determine economic practicability. In fact, it is often possible to 
make several approximations of mange traffic and Tey enues much before 


indicate roughly, of course, the approximate ‘costs of | the 
anticipated r revenues could sustain. those circumstances, Ge Cost 


is to obtain the confidence of the public and the financier, = 
The third serious point that Mr. Winick makes i s is that, ‘in the formulas 
prepared by the w iter, s so much engineering judgment i is  eenieed that there | 3 
would | be a wide variation in the results calculated by y different engineers. 
- Pag Therefore, it would be “difficult for a conscientious and honest analyst to avoid 
a the danger of being somewhat | optimistic, ” according — to Mr. Winick, who 
suggests that “for t that reason an in_ unbiased analy sis by a ‘competent ob observer 
disinterested i in the is alway ays rs desirable.” dbl, That 
is the 


om started. _ Professional integrity yas be taken a as an axiom if the engineer 


_ ‘That the e formulas developed by the - writer in involve too much of the “ “ners sonal 


equation” isa astatement unsupported by facts * If, with the aid of the for mulas, 


 — Winick is fearful of too great an optimism, how much more optimism would — 
’ develop without any guide whatever! In fact, the formulas were developed by 


the writer to present some influence on the traffic analy: st 
= has heretofore been lacking. On more than one occasion the writer has - 
seen the pitfall illustrated by the following simplified example: 


Assume two bridges, A and B, say 5 miles : apart, tapping similar areas, the 
a and approaches leading to them being a about the same, and each, there 


fore, handling about equal traffic—say 5, 000, 000 vehicles annually. Now 


assume a proposed and. shout equal in in trafic 


_vertible_ traffic, it was assumed that since the nan bridge C was about 
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equal | traffiewise to bridge A, it _ would divert about half of A’s , traffic. Also 
bridge Cc being equal traffiewise to bridge B, it would divert about half of B’s 
traffic. The divertible traffic of bridge C was thus estimated as 5,000,000 
vehicles. This did not seem to be out of line, especially. where the amount wes 
from the summation of a large number of “‘lines of travel.” Under 
pressure, sometimes consulting engineers have not had sufficient time to check 
their conclusions to observe what traffic had remained on bridges A and ™ « 
Bridges A and B, of course, were left with 2,500,000 vehicles each, but bridge a 
was 5,000,000 vehicles. Why three bridges are 


attractive. ‘Should they 1 not amen one third the existing traffic? (“Genera- 


: ‘By means of the — formula developed by the writer, bridge A A and bridge 


The share that each 
carries is obtained its traffic dently rhe dividing each rating 
byt the sum 0 of their ratings, each thus handling half of the total. Under the 
~ proposed conditions, the estimated rating of bridge C, being equal to either AD 
or B, would also be 1. _ Its share would now be obtained by dividing its rating 
1, by the sum of the ratings of the three br idges or 3, , or a share of one third. _ 
he rating formula thus -restrains honest, optimism because it forces the 
- engineer to abandon the concept that a new crossing merely diverts traffic from 
the existing crossings, to the concept that a new crossing produces a a 
bution of traffic among the existing and new crossings. F urthermore, under | the 
estimated | redistribution, the formulas force the engineer to determine the 

traffic that each of the present crossings will be left with as well as the traffic — 

that the new one will divert from the existing cr crossings. ‘Under this concept, 

expressed | by the rating formulas, reasonable and less optimistic judgment i is” 

obtained even without a quantitative. » application of the formulas. _ The purpose 

of any of the formulas proposed is not merely to substitute blindly: the values of 

the “constants” and solve algebraically, but to give the engineer : a quantitative 


concept of the phenomenon of. distribution and redistribution of traffic the 


Table 11 shows a hy —— case of traffic distribution under existing — 


‘TABLE 11 Case or TRAFFIC DISTRIBUTION UNDER 


IstING AND A REDISTRIBUTION UNDER 


q 
: 


sum 
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la redistribution under proposed conditions, assuming | the new 


3 crossing E had the same r rating as the best existing er crossing A. ; a he rating ¢ of 
_ existing crossings is assumed to be proportional to the volumes of t traffic now 


- earried along the given “‘line of travel” and the e rating of the ede crossing 
assumed to be based on ‘te route 
‘It will be noted that the traffic redistribution, assuming a new one is opened, 
‘is of the. present 1 volume of traffic. _ This computation involves no estimates of 


any future i ure inereases or or decreases at this point, but only a a. - 


tacks the values placed « on running and waiting time in that here, too, some 
- optimism may creep in; that the values are not constant; and that the resulting 
In the first place, ‘the term ‘ ‘constants” ‘in the: formulas does not mean n values 
that are actually | constant. ‘That term refers to. averages of variables whose 
variation is not too large. In the paper, the writer stated that: monetary alues: 
would v: vary -y from time to time, from place to place, , and under different condi- 
tions. The corresponding ratings would be affected in several ways. 
Assume, for example, that i in connection with one origin and aa 
study, Mr. Winick’s “executive” and ‘‘young lover’’ were interviewed on their 1 
“respective. trips in each direction, that both had started from the same zone of 
“origin and gone to the same zone of destination and had returned. Assume, | 
also, , that both went via the George W ashington Bridge in the one direction but f 
that on the return trip the “executive” ’ returned 1 via the George. W. ashington 7 
_ Bridge and the “young | lover,’ ’ having only | 25 | cents left, had to return vi via the 


= nearby competing ferry. - Assume that both paid 25 cents more toll than that 
by nearby ferry and, | in traveling over the ashington 


per minute saved. If were only those four wien on that “tine 
7 travel,’ ’ the re result would show that of these four trips along this “ line of trav el,” 
“thee trips, or or 75%, were made via the George W ashington Bridge at a cost of 
iL -25 cents per minute saved. The ‘ “executive” probably obtained a bargain 
“rate via the bridge, although the “ “young lover” might also have paid more in 
order to make his date on ine. Bow much more they would have paid per 
-_ , they r themselves would find it t difficult : to say unless they were actually 
er with a situation of having to pay, say, 50 cents extra or 2} ‘cents: per 
minute. — The “young lover” might e even then have chosen the bridge t to make > 
his date. However, it is unnecessary to know how 1 much saving in time is 
wo ‘ orth. ‘The significant result is to. what motorists have 
~ actually paid for convenience and to save time, etc., on a super-route, on the 
basis of the extra tolls that they had to to pay. 
“a In fact, in 1930, just such figures were prepared by the writer from origin 
> destination ‘Studies in that year to show the perepntages of ‘ “Tines of of travel” 
_ which the Holland Tunnel was then handling, in competition with all com- 
petitive ferries combined as a group at varying costs per minute saved. (The 
George | Washington Bridge was not opened until late in 1931.) _ This i isa avery 
simple 5 way of expressing the results where there are only | two crossings or, a 
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in this case, a tunnel and a group of ferries. As soon as a third or fourth 
crossing becomes involved, this method of arriving at the | percentage handled — 


by an any given — on the basis of time and cost, worrke be expanded one the 
- as as the quality of. crossings, , expressed by the number and v udnaeil of their ratings. 
 *F urthermore, applying that very simple procedure of relating percentages: 
of “lines of travel” handled by the Holland Tunnel at. varying ‘costs per minute 
ved, it was also discovered that percentages of some “lines of travel’’ were 
obtained by the Holland Tunnel in cases where there was no saving whatever 
in time or distance. — 7 Motorists paid 25 cents | more than the ferry tolls, pre- | 
sumably on account of the extra convenience of the tunnel rather than by reason 
of the savings in time or distance. Henee, it appeared n necessary to provide a 
“constant” to reflect this convenience or inconvenience, in connection with any 
given These “ constants” “were termed ‘ ‘preference” or ‘ “prejudice” 
- factors. In some cases, the analysis revealed that the ‘ ‘neateonan” and 
“prejudice” factors stemmed not from the crossings themselves but from the 


travel conditions along the highway routes along the “lines of travel.” fe 
motorists were actually stopped ¢ and questioned as to their “ ‘preferences’ 


or’ ‘prejudices” for or against specific crossings or routes, some would and others ; 
would not be able to ‘express the precise reasons; but the varying percentages — -— 


: of the total motorists, traveling along any given ' “line of trav el,” ’ that — 


Be given route is a 


vote (based on extra tolls paid) as to! ‘aioe and ‘ ‘prejudices” of given 
routes. It is the writer’s opinion (the contrary opinion of Mr. Winick not-_ 
t withstanding) ‘ ‘that the same reasons under similar circumstances would 


“motivate other motorists to use the new facility. all If one cannot sa say this, one _ 
EE as well ‘‘throw overboard” all research with th respect to mass behavior of 


4 Use of Empirical Formulas. —Mr. Winick r remarks that 


“Tt takes but little observation to conclude that the annual ened 


q 


T ™ Ww Titer agrees but — to refer back to his s statement 1 under the heading, on 
the New ‘Traffic: ‘Yardsticks of Traffic Expansion,” which he 


wee 


“The foregoing empirical on growth to the 
4 passage of time and thus impelled the individual assumption of —— 
growth. They were thus manifestly defective. It was obviously more 
7 desirable to relate traffic growth to what might be termed ‘traffic deter- 


minants,’ which would permit anticipation of “ms as well 
pansions in traffic volumes.” 


a At the ss same time, it must also be noted that the traffic analyst must still 
= in many cases, upon empirical projections because he has not done st uffi- 
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Relative Patronage Factors—Mr. Winick states that “Closer analysis of 
Bene patronage factors ; would indicate that they are not — Seal 


ian at ‘the given time andi in the given locality, will be determined from the 

7 studies of origin and destination of traffic in relation to the route characteristics. 
Such studies would show, for example, that time was worth more in New York 

than i in 1 Iowa. ‘The w “writer ‘never intended to leave the 1e impression 1 that the 
monetary waheus of time, distance, and other factors determined in New York 


— 


should be applied in 


‘Trip Cost.—It is not the total or part of the cost of vehicle operation, but 


the ‘monetary values that | motorists place c on route characteristics that deter- 
mine e their choice of routes. . Trip costs, as used by the w writer, represent. ‘not 
: the usual cost of ve vehicle operation in connection with the trip (although ex- 
: "pressed in cents per r mile. or minute), but. the values placed by the motorist on 
the “resistances” of given routes over the standard, as determined from correla- 
tions between usage of routes, expressed in traffic volumes along “ines of 
: travel,” ‘and route characteristics evaluated in dollars and cents. ‘Even then 
— the monetary values of time, distance , etc., are only used for weighting the 
effect of each of these factors to arrive at oonnpedie single ‘ ‘resistance” factor, 
expressed in cents. ~ Ratings of indiv idual routes then vary inversely as the 
“monetary vs values of route ‘ ‘resistances. ‘The significant facts about these 
_-— 7 monetary evaluations are not the absolute values placed by the writer on the 


factors of distance, say, at 3 cents per mile, running time at one cent per minute, 
waiting time at2 cents p per minute, and one and ag factors running» 
q 


being give en less and less while extra ‘time, 
ee waiting time, is b being chien more and more weighting as a “resistance” 
“Generated” Traffic.— Mr. Winick uses the term ‘ ‘generated” in a different 
sense from that used by the writer, who defines ‘generated”’ traffic as that 


extra traffic which a new crossing develops i in its first year of operation that 


Ww ‘ould not have manifested itself on existing alternate routes if the new one 4 : 


_ were not t opened. Any further expansion in traffic in the sec second and subse 
quent 3 years is considered by the writer as part of the regular | trend in traffic. 


Traffic Determinants—Mr. Winick states that 


a “The determination of future traffic by such determinants as gasoline 
consumption, department store sales, payrolls, purchasing power, or what 

have you, is as good a method as is a forecast based on past performance; 
but: a such determinants are subject to wide and unforeseen variation.” 
Such traffic determinants serve | only to guide the traffic analyst in his 


vi risualization of the rate of expansion of ‘the entire reservoir of traffic rather than 


h 

| 

i 

— 

ae : a consider a resistance of 2 extra miles of travel equivalent to a resistance of 6 | 

extra minutes of running time, or 3 extra minutes of waiting 
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. anticipated « expansion in the traffic of any one facility whether 1 new or old. 
= w ill be noted that, in Fig. 8, B, the writer used these en not in com 


= 


Bede included the traffic of not only these three trans-Hudson crossings but the 


traffic of all competing ferries, as. well.  ‘Trans-Hudson traffic as ‘a whole 


ee the tr traffic pool from Ww which each « of the peceapren ‘Hudson | River 


‘the ‘Sings of travel’? which they serve. 
Mr. Winick further states: “Tn short hk wed seem unsafe to forecast 
| traffic for a newly proposed facility on such determinants.” The writer again 


= calls attention to his statement (heading, tied the New Traffic: Eco- 


_ AR hie time vehicular traffic volumes are projected into the future, 
it is nearly impossible to foresee the probable changes in local economic 
conditions. These relationships, however, have served to explain the rate 
_ of traffic expansion in the past, and suggest that greater allowances in 
traffic trends will have to be made i in the future for the effects of business _ 
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‘STANDARDS OF. PROFESSIONAL | RELATIONS | 


Discussion 


ADOLPH J. AcKERMAN,” M. Am. Soc. C. E. (by better: he | enginee rs | 
wh ho can most appreciate Professor Mead’s paper are those w is through along | 
record « of high professional conduct, hav experienced the “many truths” 


assembled im ite 
Professor Mead in his “Introduction,” the paper was 
5 more particularly for the y ounger men of the pr ofession. - 4 Each sentence might 
very well have been printed on a separate page because practically every one 
of them has enough ‘substance to deserve a full page of discussion. a he many 
_ principles are so f fundamental that probably no one would attempt | to take 
- issue with them, ‘yet how 1 many y really understand them, particularly among the 
younger and less experienced groups of engineers? The’ concept of “hard 
work” is quite ‘different in the of the college student who is receiving 
“necessary financial support and enjoying the comforts of ay well- furnished 
~ fraternity house, as compared with that of the student who is w vorking his \ way 
by waiting on tables and doing mis miscellaneous chores, and w ho ‘still succeeds in 
' "devoting enough : time to intensive ve study to maintain a high scholastic s standing. 
-‘The same difference i in concept applies to the many other profe essio onal ideals 
: enumerated by Professor Mead. | 
Merely to hand out copies of Professor Mead’s paper to students and young 7 
engineers: is not enough. _ It would be unfair to expect of them a full under- 
standing of the n meanings and importance | of those fundamental elements oi 
character that go into a successful professional career. Such understanding 
can only be developed from contact with men of high professional 
_ standing who recognize their obligation of cultivating a closer master-apprentice 


_ .Notre.—This paper by Daniel W. Mead, Past-President and Hon. M. Am. Soe. C. E., was published 
in January, 1940, Proceedings. Discussion on this paper has appeared in Proceedings, as follows: March, 
1940, by Messrs. Louis E. Ayres, Ivan C. Crawford, Walter H. Wheeler, Charles R. Gow, J. T. L. McNe*. 
and W. L. Waters; April, 1940, by Messrs. Charles F. Scott, M. J. Evans, R. L. Sackett, Alonzo J. Ham 
_ mond, A. B. McDaniel, C. B. Burdick, John M. Hayes, and G. W. Howard: and June, 1940, by Messr. 
_C. Frank Allen, Arthur W. Consoer, George C. Ernst, Frank S. Bailey, 8S. A. McCosh, John H. Meursingé. 
Karl W. Lemcke, John Sanford Peck, E. D. Ayres, F. E. Turneaure, Fred Asa Barnes, and C. A. Mesd- 


oa Director of Eng., Dravo Corp., Neville Island, Pittsburgh, Pa. a 
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The _young invariably visualizes own career in 


Mead’s paper as a 7 His paper therefore, ‘is not only: a to the 


y oung generation but also to the ( 


‘Meap, 43 Pagr- - C. E. “(by 
letter). he kind expressions of approval of most of those who have dis-— 
7 cus ssed this paper are appreciated. — The Ww: riter’s object i in preparing the paper, — 

4 however, 1 was for the y purpose of drawing out discussion of certain principles so —— 
ay a code of conduct might ultimately be issued which would, in general, ~ 


the of a considerable of the members of the rather 


ant been prof 


_ The paper is criticised: (ql) Because it is w wholly unnecessary; (2) because 
it is too long and involved; and (3) because it is not sufficiently inclusive. _ 


‘With the first criticism the writer is not able to agree and will answer 
more completely later in the discussion. With the other two criticisms he 
must, in part, agree. To the man of wide experience w ho, , during his life, has — 

7 thoughtfully. considered the various principles of oundust, even a very brief 
statement of principles may be all | that i is necessary, and even such a statement 
may be. superfluous. *F or the inexperienced 1 man, howe ever, a code should be 


explicit to cover r most of the new relations he will have to 


itis impossible to co cover r all possible ¢ engineering 
x and it therefore becomes necessary to include only the most common and a 
important relations with the belief that the conn given will serve asa 
» »b vasis for their intelligent extension to the unusual conditions which will ; 
_ Mr. Waters states: “It should be sufficient to s say that ‘ every engineer z 
should at all times think and act in accord with the highest principles | of 
personal honor.’” might also be sug; suggested that the Golden Rule ‘ “Do unto 
others as you would have others do unto you” is all that i is needed i in such a : 


code; and this is true in both cases if the individual is capable of applying = 
rule under the manifold under which such rules should be 


‘This is | the weakness of ‘all brie es of conduct. _ In themselves they 
7 contain no information as to how they should be applied in detail to professional 


_ 4 Prof. Emeritus, Hydr. and San. Eng., Univ. of Pinca Cons. SA Rs Madison, Wis. iss 
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) 
| influenced to strive for the same high standards of conduct. — 
When tempted to forget fundamental principles, one is most 

7 minded of them by experiences in which those principles stood the test. Men . ee 
derive their courage from the courage demonstrated by their predecessors. The 

new generation of engineers is entitled to have the gospel of professional conduct 
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Discussions 


 eonduet which, in n the writer’ s judgment, is § a serious mistake if they are offered 
4 to students or young engineers to guide them in their professional work. . 
The writer believes that in the teaching of the application of the best principles 


of conduct the rule must be as specific as possible sO as to apply as nearly as 


_ The writer agrees ' with L. E. Ayres tha that it would ld be well to include a section | 


covering the conduct not only of the expert witness but also of the app appraiser 
the engineer who make Teports 0 on the of proposed new engi- 


are to be financed publicly. - He believes that the principle designated as No.8 
by Mr. _ Ayres. (or its equivalent) ‘might. well be added to the official code of 
the Society (29),’ and also as Paragraph 10 to Section III in the paper, 


_ The writer agrees with Mr. Waters that “Tt is youth which must comand 
the high ideals and standards of honor” ; yet American schools are annually 
graduating thousands of young men from their engineering courses w ho have 
had no instruction in these high ideals and standards ‘of honor or in professional 
conduct. Almost all universities, colleges, and schools are derelict in not 


affording ng in this subject to all students. 


The writer’ experience is quite parallel with that of Professor MeNew. 


Almost ¢ every year ‘some young engineer from almost eve ery -y school fails to abide 


q at the threshold of his professional life is unethical ‘Sonim of the ——_ 


adv antage to him. This desire for financial gain is directly or indirectly the 
cause of most unethical conduct in professional work. 
a _ The fact that an older engineer of good reputation has no’ not ‘im ays acted in 


‘tees with the principles of ethical conduct is ‘not a sound basis for the | , 


— 


- similar conduct of others. © The writer fears that there are no engineers | in 
practice today who looking back on their professional lives, can | 
_ every § act of their own professional conduct; and the personal a acts which they 
be thoughtlessness, in the early days of their professional lives. 
_ Inanswer to the comments of Mr. Howard, certain principles were uted | 
$ in more than one section in order to make each section more nearly complete &g 7 V 
will to be admitted that the Percentage method of evaluating 
“characteristics necessary to success ‘in engineering” (Table 1) i is inexact and fe P 
faulty, but no other method seems available to illustrate the opinions of the 
; profession as to the importance and essential value of attributes not commonly — 


emphasized in engineering as now taught. 7 ;. Most professional men will ‘agree ti 


4 now condemn are commonly the mistakes which they made, through i oe |. 
e 


as to the essential value of these characteristics if not ir in their percentage r rating. 7 o 
In reply to Mr. Consoer, sr, the writer would call attention to Section IV, Bie 
: Paragraph 2, in which he states: “Honorable competition for promotion and ‘vy 
_ opportunity for employment is an essential part of modern democratic civ ‘liza- i] 
- tion. an > The first sentence in Section IV, Paragraph 19, is simply an e expres ression a 
Bey 3 prontree in parentheses, thus: (29), refer to corresponding numbers in the Bibliography; a 
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of the w writer’ s idea as to: the ideal way in which employment should be awarded. 
In the latter part of Paragraph 19 the w riter expresses disapproval of unpro- 
fessional methods of competition Ww which are all too common | at the present 
~The e writer was surprised at the e principles adiveuted by Professor Peck. 
Such ] principles are unsound and dangerous, especially if presented 1 to young 
men inten the period when their professional and ethical attitudes are being 
dd. Professor Peck states that he is “opposed to fixed, rigid codes il * 
be moral, or professional.” Does his opposition include. the 
legal codes of the federal and state governments? : 
= Laws are but rules of conduct established by legislative action and enforced - 
by ‘the courts. These laws are supposed to represent the views of the majority 
of the people in the community in which they are established as to what — 
individual action should or should not be allowed. - ‘There ai are thousands | of 7 
these laws on the federal and state statute books; and there is scarcely one of " 
them that under certain specific conditions may net be unfair and unjust to 
individuals. Such | laws frequently become archaic and are repealed or 
if negligently left on the statute books, their absurdity becomes apparent and - 
embarrassing, and public opinion demands and secures their repeal. = The fact 
that at the world is changing does not destroy the necessity for law, but it does ss 
‘necessitate it readjustment from time to time as conditions dev shoo. 
Itisa fact with Ww hich every 0: one is familiar that an individual may strictly 
cure the laws of the land and yet be an undesirable citizen and a ‘poor 
: neighbor. a he idea that each individual ¢ can and should establish | for himself 


rules” of conduct for such relations as are not cov ered by law and without. 7 
_ Teference to to the experience 0 or opinions of others — equally as absurd as © 
would a similar. attempt to establish “principles of law. Laws must be estab-— 
lished by the majority action of a legislative body, and rules of professional 


conduct must be based on the concurrent opinions of the members of a 


is true of established rules of conduct, and also of rules of law, that few 


each individual must depend upon his common sense and conscience as to. 
= his conduct should be. under the limitations of the conditions under 

which his conduct t must be exercised. 
Common sense and conscience are the results of early training, of the 

personal influence of those with whom one comes in contact, of education, of 


experience, and of such reflection as the romagenne may give to these factors. 


A young man lea leaving parton is iba frequently into a life so ‘different 
from his previous experience that he needs the advice of the men who have 


already had the experience that i is about to become his. Rules and 
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as precedent i in ‘the | e design 2 and construction of f engineering is 
fs value when similar structures are e being designed and constructed, so princi- ri 


. ples of conduct established by the experience of one’s predecessors are of value - 
in the consideration of one’s own line of action. The writer will agree that 

are not to be blindly followed; but to ignore the experience of | 
others, either in engineering design or in conduct, is a dangerous and often a 


serious mistake. this point, Raymond Moley observe wel 


“What are are principles that men live eby? What, for that ma matter, is the | 
meaning of principle itself? Reduce the question of principle to the case 
of an individual and one of the problems he faces. A man does not govern 

; his life by chance. He learns, as the years pass, and profits by what he 

: learns. _ He learns that there are some things that he cannot eat without 

distress. He learns that there are some games he cannot play. He learns — 
that there are ways of doing his work better. He learns how to conduct | 
his relations with other people. Out of the accumulation of individual 

_ experience he creates rules for himself. As time goes on, those rules be- 

come principles of living. He finds that by observing and respecting them 

_ he saves himself untold trouble and discomfort. _ He doesn’t have to argue 

out thousands of individual decisions with himself. He depends upon his 


principles. — Ultimately he lives not only with but by them. eh ay 


—«dItis —_ that a man of advanced age and long exper experience would, in his 
ordinary relations i in life, find it necessary to study a code of conduct in order 
to determine what his own conduct should be; ‘neither would he ponder very 
deeply concerning» the various possible outcomes of his action. — His answer 
4 
would be given at once, based on his established principles, and would probably ; 
be correct. If, however, tl the conduct concerned new v conditions entirely bey = 

and different from his previous experience, then comes the necessity for due 


onsideration; ‘and in such cases the opinion of those who have had similar 
experiences and have definite conclusions cannot safely be ignored. 


life, but when he enters into new with he i is | 
not familiar it is the part of wisdom to seek : advice re | 
‘The Golden Rule is, and ‘should be, in general, the basis of almost all 
“ethical: conduct. me he Golden Rule is as sound today as it was in the days of 


- Christ. Ith may puzzle the philosopher who desires to live by the Golden Rule 

as to w hat he should | do if he captures a thief who is attempting to a 

his) home. However, r, the practical man who also desires to live by | this rule 


woulda recognize his to society and would at once hand the malefactor. 


“called of Medicine” and the w writer understands that Hippocrates 

“oath of service” ‘still used i in some medical schools. This would seem to 

indicate that a “changing world” has not seriously affected the code of H Lippoc- 

rates in more than twenty-t three hundred years. In a similar manner, . 

although certain purely technical requirements of a code of. conduct may 


44**Indispensable Principles,’’ by Raymond Moley. An address delivered on Constitution Day— 


17, 1940—to the | Union League Club of Chicago. 
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change \ with changing conditions, the fundamental principles | of good conduct 
‘and good ethics are unchangeable and eternal. 
Legal ¢ ethics is of many years standing. T oday thousands of codes have — 
been adopted by professional societies, technical and business organizations _ 
and associations, and numerous books have been published discussing the basis 
vel 
of business and professional relations ; contained, or those which should be 
contained, in these codes. — Is the assumption warranted that all this effort is. 
wasteful and unnecessary and that each individual in all these diverse interests 
is qualified to evolve from his own reflections all of the principles of conduct ¥ 
which he should exercise under each of the thousands of circumstances ine ; 


which he may happen to be or into Ww hich he may possibly enter from an 


different environment? but feel that such a 
proposition is an absurdity. ad 


Due consideration of bot fo is best for is both desirabl onl and essential. 

However, the writer has never seen the “ ‘edge of the moral responsibility” of 

7 any man so keen that he thought it would be dulled by the reading | of of ac code 

of conduct or by: consulting the opinion of those who have had | previous ¢ experi- 

ence in an unknown field into which the individual was about to am, whether 
such field be in engineering or in conduct. 

-_'There is no doubt that there are many who are mentally in 


ncompetent and 
- ae in many cases failures are due to such cause. However, lack of ambition : 
and mental laziness are commonly ascribed to such cause. If and when 
_ psychological findings become uniformly reliable, it will perhaps become 
~ desirable to limit the efforts of students to those fields within their abilities. 
the meantime, however, the and dislikes and the of 


very desirable for every man to realize that there are great v 
in the normal character and ability of men as well as in the opportunities 


which oceur . Th hese factors necessarily must have a very important effect on 


all their possible development and the degree of their professional success. The 

of [higher positions in 1 every line. of professional and business life are > comparativ ely ; 

ile few in number wh hen the great number of pr ofessional aspirants i is considered; 

ler : and iti is only t those few who combine high character, great ability, and fav orable 

ile i opportunities who can possibly h hope to acquire one | of those outstanding 

@ ww hile it: is the part of wisdom that each : young engineer should recognize 

o 3 that he is probably only an average ‘man, it is well for him to remember also 7 

en that such positions frequently have been filled by men who have, in early lif life g 


occupied the most humble positions. It seems desirable also that each m man 
recognize that careful attention to his own character and progress, and an 
intelligent an and strenuous attempt at the best possible e development o of himself, - 
‘will accomplish the most that can be expected under his “own individual 
A \ strong personal attempt at self-improvement and a personal interest - 


his w work will result not only in the best that each one can hope to accomplish 
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ue: will assure pleasure and happiness i in each man’s work, as well as: content- 
“ment. in the position v which he will attain regardless of whether or not | 
attains the heights of ambition: to which i in 1 his youth he as aspired. To do the 
work y which he under takes in a thoroughly. satisfactory m manner will usually 
‘give 1 more personal pleasure and ere and a greater feeling of personal 
‘success and happiness than would a ‘position of greater responsibility : and 


“mor e arduous demands which the individual may be poorly r equipped to occupy. 


The writer can appreciate the experience of Prof. E. D. Ayres with his 


students. Inm many y ears in teaching Engineering re relations to senior e engineers, 
_ the most common inquiry received by the writer was perhaps how to do an 
~unethic al thing in an ethical manner. . The action usually involved was the 
breaking of an agreement to accept employment, which agreement was made 
months before graduation, in favor of accepting ‘a more remunerative job 
ae just prior to graduation. Although the e writer’ never was able to give 


an answer satisfactory to the : student, he always advised students—if 


the earlier ¢ as a more manly course rse than bluntly advising 
= first would-be employer t that hat he had taken another and better job. The 
question asked Professor Ayres as ‘to | ‘how to chisel the other fellow’’ has 
been commonly answered in the words of David Harum: “Do the other fellow 
‘the way he w ould do you, and do him first.” ” This has been applied - not only 
in horse. trading but also in other lines of Seine: but it is far from “good 
ethics for the business man, and especially for the professional man. = 
as ~ Section IV , Paragraph 17, does not apply toa graduate e engineer seeking a a 
job with an employ er who has full knowledge of his status. — Both Paragraphs 
17 and 19 should | not ; apply to graduate engineers, and they do not unless 
such graduate. contemplates trying to enter general practice shortly after 
graduation. Such an action in itself ‘should certainly be considered. highly 
unethical as, under such conditions, the young engineer—as : a rule—can have 
little of f value to of offer clients, ts, and, as a result of his i inexperience, his professional 


work would be unsatisfactory to his client and would injure that young engi- 


General prac practice .e should never be ye attempted until the engineer she acquired 
years of experience | and can give value received for his compensation. It 
should be impressed on all engineering students that they are not engineers | 


upon graduation but become engineers only after they have learned t to apply | : 


_ correctly, to practical engineering problems, the principles of science and the 
_ technical principles and rules learned in school. It is true, of course, that 


some individuals acquire common sense and ability to “apply. ‘principles to. 
practice much earlier than do others, and that length of service is aoe alw ays. 
_ a sound basis for judging the relative ability of several men. <i 4 

‘Finally, the writer desires to make certain corrections in the text his 


paper in order to make its meaning more certain: 


ss In Section IV, Paragraph 6, line 1, after “‘prepared” insert —s for 
him”; Section IV, Paragraph 19, line 3, change to read “the medical and legal 
_ professions. — . This is the end to be sought. Honorable competition is often 


necessary under present conditions, t solicitation by lobbying, the” 
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Section V, Paragraph 5, line 2, after “failure” insert “ 


‘He also to add to the principles given 
To Section VII, as Paragraph 9. ‘No work should be: advertised for bidding . 


“until definite and | complete arrangements have been made for financing; 
=! ise contractors may be put to unjust and unnecessary expense.” a 


To Section I, Paragraph 15. “Truthfulness and dependability are the 
fundamental basis of all proper conduct. . The young e engineer should agree to 
a only after he has fully made (up his ‘mind to carry out his 


is unethical and therefore a very unsatisfactory —s begin work in the 


To Section IIT, ‘Paragraph 10. ‘It i is unethical to give expert | testimony 


or to advise his dlient i in a manner ‘differing i in substance or ecghiention: from 


a - what he would present and defend before a meeting of this Society.” 


_ Paragraph 11. “It is unethical to submit a proposal, or to ine into | 
contracts, for the construction of work, for which plans and specifications © 


4 have been prepared by him as engineer for a client. sy aie 


_ Paragraph 12. “It is unethical for an engineer to be associated in the 
conduct of professional work with others who do not conform to the standards | 
— of this code. al This makes | necessary the following change i in the discussion 
by Louis E. Ayres in March, 1940, "Proceedings: Page 572, line 21 to read— 
“The writer is an advocate of the idea expressed by Section III, ‘Paragraph 10, 
having to do” ete. c. Likewise, in the discussion by E. D. » Ayres i in June, 1940, "i 
7 Proceedings, page 1157, delete the last paragraph; : and page 1158, delete the 
In- closing” this discussion the writer desires to state that this p paper was: 
prepared for three separate but similar reasons. — 
_ First: In his college work the writer does not remember that he ever received 
7 any material information or instruction on Professional Relations or Profes- 
sional Conduct. ‘Hew was obliged to gather such information in the expensive 
school of experience and “hard knocks.” He » has always felt that he might 
have done much better work and made -Inany less errors if there had been - 
available | during that period the experience and conclusions of those who had 
already trod the difficult road to successful professional practice. He has felt, 
therefore, that it was incumbent upon him to make available to the younger 
men of the profession the ¢ conclusions which h he has reached after more than 
fifty- -six years of professional practicn. 


Second: : Early i in his professional practice ice the writer's attention was drawn 
to the unfortunate reaction of certain young men who, after leaving college, — 
were thrown under the influence of certain men whose practice was never ‘to 


‘subordinate profit to high ideals. He witnessed the fact that under such 


must be common to their - profession; and suc such actions they too often ‘adopted 
in their own conduct. — The writer then believed, and still believes, that some 
advice given. during ¢ college training of these yor young men would in many cases 
have afforded ed a means of avoiding the mistakes made by them in the early 
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days | of their experience. For this reason, the writer became a teacher 
-inan engineering s school, he gave s some e time, i ina all the courses which he taught, 
to instruction ¢ covering the proper engineering relations in professional life; 
and in his classes in Contracts and Specifications the writer spent considerable 
Beton this important ; subject. The reaction of his students who 
have volunteered their opinion of his efforts, after many years in practice, 7 
has convinced him that at least in many cases the discussion of these — 
has been of material benefit to many engineering graduates. 
a. Third: : During his « experience as & teacher, the writer had occasion to -_" 
4 many professional codes of ethics and | numerous books wi written on the subject, 
in 1 order to secure proper material for the presentation of this subject to his. 
He found that most. adopted ‘codes had evidently been written for 
older professional men in general practice a and covered only a a very limited field 
t for the younger men who occupied the lesser positions i in the engineering field. 


conduct i is available and is called to the n of the y: younger men during 

- the he formative period of their professional training, it will be of material assis- 

: tance to mat many of them. — He believes that most engineering students desire to 
do the right thing and will, in their professional lives, follow the habits which 
formed it in | their youth ii in n playing games, of following 
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BERLEN -MONEYMAKER, A. WARREN SIMONDS, 
AND W. E. ‘BINNIE 


. Soc. E. (by letter) .°*—Mr. 


1 crosby presents ar an interesting discussion of the more common geologic and 

foundation problems of masonry y dams founded uj upon n rock, and illustrates these 

problems by specific reference to successful dams and dam failures on various 

ty pes of rock and structure, Although these are discussed 


Soe. C. E., 
Mead, Affiliate Am. C. E., and Mr. Crosby's 
of them will be of considerable interest to engineers. 
_ The thesis of Mr. Crosby’: s -paper—that « essential foundation conditions can 
be determined in advance of construction, that safe and successful dams can be 
built ‘at most sites, and that dam failures are not entirely unavoidable—is_ 
- nowrather er generally accepted by both engineers and geologists. However, the 
: po must bear in mind that geology is not the e only consideration involved 
q 3 in the selection of a dam site. In programs requiring the integration of several 
; projects, the location of a given dam may be fixed within a very short stretch 


Nore. —This Symposium was published in May, 1940, Proceedings. Discussion on this Symposium 
has appeared in Proceedings, as follows: September, 1940, by Messrs. William P. Creager, J. R. Shank, © 
Goons R. Rich, Robert A. Sutherland, Ross M. Riegel, Paul Baumann, W. A. Perkins, L. J. Mensch, and — 
Lewis H. Tuthiil; and October, 1940, by > F. A. Nickell, Leslie W. Stocker, Barton M. Jones, P. E. 
Gisiger, Joseph A. Kitts, 8. O. Harper, and R. F Blanks. 


Asst. Chf. Geologist, TVA, Chattanooga, Tenn. 


“a Received by the Secretary September 13,1940. 

_ % ‘Responsibility of the Geologist in Engineering Projects,” by Charles P. Suny. Technical Publica- 
tion No. 215, A.I.M.E., New York, 1929, pp.4-9. 

4 __ "Problems levine i in the Geologic Examination of Sites for Dams,’’ by Kirk Bryan, loc. cit., pp. 
10-18; also ‘‘Geology of Reservoir and Dam Sites,” by Kirk Bryan, Water Supply Paper No. 597, U.S. 

& -% “Geology of Dam Sites,” by Chester K. ‘Wentworth, Technical Publication No. 25, A.I.M.E., New 

, -% Geology of Dams and Reservoirs,” by L. Cc. Glenn, Technical Publication No. 215, A.I.M.E., 

_ New York, 1929, pp. 97-110; also *‘Geology Applied as Dams and yaiidianniinadn L. C. Glenn, Proceedings, 7 
Engrs. Assoc. of the South, Vol. 26, 1915. ae 


Engineering Geology of Dam Sites,” by Mead, 2d Cong. on Large VI, 

Ww ashington, D. C., 1936; also Civil Engineering, May, 1937, p pp. 331-334, and June, 1937, pp. —. 
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of: the river which deen not afford a a wholly satisfactory dam : site. In such 
cases, it is the duty of the geologist to locate the best site available, ‘under the | 
“restrictions imposed, ‘and to discover and to acquaint the engineers with all 
the geologic conditions which must be met by design c or foundation treatment, 
orboth® 
- Perhaps the outstanding feature of Mr. Crosby’s paper is his outline of the 
stages and | objectives: of a complete geologic investigation of a dam site. The 

“geologic investigation of dam sites by the Tennessee Valley. Authority (TVA) is 
conducted along lines almost identical with those outlined. 
- The g geologic work of the TVA is done by the Authority’s own highly 
specialized staff, and reviewed periodically "geologists on 


logic work done at a TVA dam falls into the following stages: (1) Preliminary 


investigation, (2) exploration, and (3) construction. 


(2) Preliminary ‘Investigation. —This investigation embraces more than a 
brief reconnaissance study. It includes studies « of the physiography, sire 
tigraphy, and geologic structure of the area involved, as well as studies of the 
character and thickness of the overburden. © In the course of this work, a geo- 
logic map of the area, showing i in detail the various types of rock, contacts, 
faults, and joint patterns, is prepared on a scale of about 1 in. to 500 ft. 
Throughout this stage, very cl close cooperation is maintained between the geolo- 
gist and elaiiiaiin, tie: that the site site finally s selected for « exploration i is the one that 
best meets all requirements. 
7. (2) Exploration.— —The geologic work i in the ex] exploration stage involves the 


development of the details of structure, lithology, and rock conditions. — By 


means of drill holes, _ trenches, pits, and tunnels, the configuration of the top 
of rock is determined, the overburden - is classified, and the extent of rock 
weathering and cav itation is determined. Numerous geologic sections are 
drawn to show the : structure, lithologic units, cavities, an and zones of rock decay 
in as much detail as possible: along various ranges. _ Very close cooperation be- 
tween the geologists and engineers is continued throughout the exploratory 
(8) Construction- geologic field party is maintained on each project | 

a the construction period this stage, hundreds of 


* 


"bearing upon problems. "These drawings, supplemented by nu- 
_ | daily discussions with the geologist, keep the engineers informed in 


4 advance of all conditions to be met. Inno stage of a project is the geologist J) 
more useful than in in the construction stage. q 


a sical was maintained, for by the Author 
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~ work in soil mechanics is done by experts in this field the 
actual testing of materials is left to materials testing experts, etc. = 


_ Mention is made by Mr. Crosby of the usefulness of petrographic 1 studies 

of the rocks involved in dam sites. The writer has found this method of study — 
s of considerable value, especially in areas of volcanic rocks. — Many of the basic 
igneous rocks— -basalts, andesites, basic tuffs and agglomerates, and diabases— 


contain silicate minerals of the zeolite family as as veinlets and 


of the enclosing rock i ina ‘a very very short time. ' ‘The a appearance of rock ¢ containing 
_ these minerals is often deceptive. Rock that is hard and apparently sound - 
may go to pieces in a few days after its exposure. Fortunately, however, a_ 
petrographic study will reveal in advance | whether zeolites are present in 
amounts sufficiently large to be dangerous. 
7 Another geologic feature that may affect a dam (especially a high dam) 
| adversely i is sheet jointing or ‘ “sheeting planes. in Massive rocks of igneous or 
metamorphic - origin are likely to be divided into sheets by joints developed 
= to the topographic surface. _ Although the origin of these structures | 


is pane debatable, it is generally attributed to relief of f stresses as a conse- 


Fie. 27.—Rm™ Leaxace at Great Farts Dam, IN TENNESSEE 


‘quence of unloading by erosion. In the abutments at a dam site, the sheet 
joints are inclined toward the river; in the rock underlying the river they 


horizontal or inclined slightly i in direction. These 
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the st success of the dam by facilitating les leakage o1 or r by resulting i in uplift or settle- 
ment. Hiwassee Dam, lenses of rotten rock developed along sheet joints 
> as thick as 3 ft alternated with thinner or thicker layers of of sound rock to a 


- depth of more than 50 ft below the e bed of the river. 


as an san example ‘of what i is likely to happen ai at a dam built a 
— logic: investigation. That a geologic investigation does not necessarily insure 
the success of a dam i is strikingly attested by another masonry dam on flat- 
lying and cavernous limestone in Tennessee. The Great Falls (Rock Island) 
Dam on Caney Fork River had the advantage of geologic investigations by 

three reputable geologists of very broad experience. 
nished the TVA show that these gentlemen 1 recommended the site as suitable 
for a dam 110 ft high. ‘The: dam was built to a height of 35 ft in 1916, , and j in 
1925 it was raised to 60 ft—50 ft lower than the height recommended. After 
the dam was raised, leakage appeared through the abutments and through the _ 
narrow rim that separates an arm of the reservoir from the river gorge below. 
the dam. ‘As the water short- circuiting the dam washed out clay seams and | 
cavity Silien, 2 an increasing quantity of leakage developed through the reser: reser- 
voir rim, producing a series of spectacular waterfalls downstream from the dam 
(see Fig. 27). S A much gr greater portion of the flow of the river at this y project 
is lost through leakage than is the case at Hales Bar i rere 
Although o other instances like Great Falls could be ‘mentioned, there can 
be: no doubt that the geologist of today is contributing more to the success and 
safety of dams than the geologist of a decade or so ago. © Moreover, the geolo- 
gist of today, who remains at a project from the initial exploration through the 
construction § stage, contributes ‘materially to the e saving of money on foundation 
WARREN Simonps," Assoc. M. Am. Soc. C. E. (by letter). 1016__Tp n con- 
eatin with the design | of contraction joints, Mr. Steele has discussed the 
spacing of the joints, types of keyways, and the metal sealing ‘strips for hold- 
ing the fluid grout within the joint until the cement has set. In the construc- 
_ tion of contraction joints, a good design may become of questionable value due 
ss faulty construction at the metal seals or by the plugging of essential header 
~ pipes. _ Only too often do contractors consider the items used i in contraction- 
™ construction to be merely | pay items’ which, , after being in in stalled, : are of 
no further value. This is usually true where the placement of large quantities 9 
of concrete is involved. Rigid inspection in such cases is essential. 
In grouting vertical radial joints in a high arch dam in a narrow canyon, 
it becomes n necessary to do the grouting in lifts. In such cases it has been 
observed that the grouting of every lift tends to open a V-shaped opening in the 
lift below, thereby splitting the bond of the grout film and preventing the blocks 
of the dam from having a complete bearing. In an attempt to remedy this | ~ 
difficulty a 3- in. horizontal cutoff groove has been tried i in place of the hori- 
zontal sealing strips. This would permit the regrouting of a lift while grouting 
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a groove was not as re as the sealing strip because the grout tended to 
run by the groove and foul the grouting system of the next lift above. ‘. Where 
artificial cooling of the concrete is used, present practice is to use horizontal 
- sealing strips and to subcool the concrete prior to grouting. As the joints are 
- grouted at the time when the temperature of the concrete has reached the 
the subsequent expa expansion of the concrete due to rising temperature 
_ would tend to close the open spaces which may possibly exist within the the upper 
part of the. joint. 
a In designing the grout system for an arch dam, the height of the grouting 
lift should be governed b by the stability « of the blocks when the joints are sub- a 
ject to grout ‘pressure. The upstream component of the grout pressure 
radial joints may cause tensile cantilever stresses of considerable magnitude 
E _ at the downstream face of the blocks. _ The usual heights of grouting lifts range 
_ _ from 50 to 100 ft where grout: pressures of 25 to 50 lb per sq in. are used at the 
q The ideal joint grouting job would be one which permits the simultaneous - 

_-srouting of all joints in the dam for their full height, as stated by _ Mr. Steele. a 
As this procedure is rarely possible, due to the dimensions of most dams, ‘mb 
— logical procedure is to grout all the joints up to the same elev ation at one time. 

. ‘ ‘his can be done by connecting the headers of the joint grouting systems to a >» 
‘common supply line from the grout pump. _ Known quantities of grout can then — 
be injected into each joint in rotation, thereby maintaining the surface of the 

_ grout at approximately the same elevation i in the joints. _ This tends to reduce - 
- the unbalanced tipping ‘of the blocks in an axial direction to a minimum. LL 
- Filling | one joint at a time is likely to cause an | excessive opening of of the joint = 

being grouted, while the adjacent joints may ‘be squeezed shut. 
: In grouting t the joints of a large dam, it is not feasible to grout an entire’ 
lift of the dam from abutment to abutment i in one operation. Groups consist- 

7 ing of 12 to 36 joints are therefore grouted as units. 7 The grout pressure in the — 
boundary joints is balanced by holding water under pressure in the adjacent — 

7 joints. _ This pressure is regulated so that the closing of the adjacent joints is 
controlled until after the grout isset. 

Control of the grouting operations should be governed by careful observa- 
tion for the deflection of the blocks while grouting. — Dial gages registering to 
0.0001 in. are valuable for mounting 1g across the contraction joints to observe the 
‘Spreading of t of the joints. W hitimore type strain gages can also be used for this 
same purpose. : . Deflection at the top of the blocks can be observed with a - 
theodolite. The magnitude of the deflection of the blocks (of a dam depends 


due to grout pressure should net be greater than 0.02 in. at the top of a lift - 
having a height of 50 ft. _ Undesirable tensile stresses may develop if greater 
Spreading occurs. Upstream radial deflections of the blocks varying from , 
to $in. have been observed while grouting the joints o of farch dams peers heights 
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(neglecting heywage) « can be grouted i in an 8-hr shift using one 10 by 3 by 10-i -in. 

duplex grout pump and one grout mixer having a capacity of about 20 cu ft. 

Slow grouting is desirable in injecting the grout. ‘The length of time required 
to fill one large joint may b be as much as as twelve hours. | Where the temperature | | 


of the concrete is low, the grout will remain fluid longer than when the temper- 


_ The properties sof cements used in contraction joint grouting vary widely. " 
m* Standard portland cement, high early strength cement, modified cement, and 
. slow setting oil well cement have been used. Cements purchased under the 
same specifications vary widely when supplied from different mills. . In general, 

an air- separated ¢ cement is to be preferred, although an extremely fine- sie 

air-separated cement n may | become lumpy before use, due | to warehouse set. 

_ The mechanical screening of cement at the job will produce the best cement f for 
Ber joint grouting although its cost will be relatively high. — Such a 
cement can be delivered to the mixer free from lumps, unground clinker, and 
tramp iron. iz good cement for contraction joint grouting should have a fine- 


y ness such that 100% will pass the 100-mesh U.S. standard screen and 95% will 


pass a 200-mesh screen, 


mea contraction joint grouting system is a fairly costly feature of dam con- 
struction, — For best results, care should be be used to effect an adequate job" of 
‘The joints should be thoroughly « cleaned by washing with water and 
compressed air. _ The amount of muck f from construction that may accumulate 

in a contraction joint is ; often: surprizing in ‘quantity. After washing, the joints 


a 


should be soaked with water for twenty-four hours immediately prior to in- 
- jecting the grout. | The consistency of the grout used varies from 2 parts of 
water to 1 of cement by volume to 0.6 part water to 1.0 of cement in extreme 
eases. The usual mix ranges from 1:1t0 0.7: 1 of water to cement. oe 
- Reliable and suitable equipment is essential in joint grouting. In order to 
| _ reduce the hazard of equipment fs failure, it i is desirable to provide a standby w unit 
: which ¢¢ can be put in operation in the event of an emergency. . An extra grout 
pump should be ec considered a standard part of the equipment. _ Lubricated 
plug valves on the supply headers have proved the most satisfactory for use 
with grout under pressure. Use of this type of valve reduces the sticking and a 
binding so often experienced with cheap valves. > 
7 This Symposium presents the most recent assumptions and theories involved ~~ 
Z in . the design of high and important masonry dams of the single- arch, curved 


gravity and ‘straight gravity types. of this information has been ob- 


2 largest dams. The paper by Mr. ‘Steele i is a ‘necessary | part of the al 
as it covers the treatment of construction joints in mass concrete. X This paper 
contains some much needed information for | engineers ; engaged i in the design of 
concrete dams and also tables of data _— serve as a Tecord of the design and 


BINNIE, 102 Hon. M. Am. Soc. C. E. (by letter). 102¢__ Messrs. Houk 
and Keener are to be congratulated on the lucid manner in = whieh — have 


102 Civ. Engr. (Binnie, Deacon & Gourley), Ss. W. 1, 1, Londen, England. 
1026 Received by the the Secretary September 2 24, 1940. 
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dealt with their subject, but they make certain assumptions for the purpose of ; 


hk the foundation rock which must be assumed to be hemnnennaus and 
uniformly | elastic i in all directions, a condition which Messrs. Houk and Keener 
consider is somewhat open to ¢ question. — % The writer has had some 50 years of 
| capone with foundation rock and has seldom had the good fortune to secure 


absolutely undisturbed and homogeneous material. 
a _ Assumptions 8 and 9 deal with the modulus of elasticity, which is | very 
‘difficult: to estimate with accuracy for the following reasons: Many investiga- 
tions have shown that concrete does not behave as a truly elastic material, the 
deformation under any given load being dependent nt more on n “flow” or * “creep” 
than elasticity. Messrs. Houk and Keener express the opinion that this 
characteristic can be allowed for adequately by the : adoption of a ‘somewhat 
lowe yer “modulus of elasticity” than would otherwise be adopted for use in a 
technical analysis. — Now, the modification that must be made is large and 
depends upon many considerations, to which the writer proposes to refer briefly. 
It is only in comparatively recent years that the factors that govern the 
deformation of concrete | under any given load have been studied, and much is 
7 still to be learned. ¥ Most information available in England is based on the 
: experiments ¢ of R. D. ‘Davies, 103 Oscar ‘Faber, 104 and the work done at the Build- 
> ing Research Station, “Watford, England, under | W. H. Glanville 
Cal It h has been shown: (1) That the deformation caused by the flow of concrete 
7 ' under sustained load r may far exceed that due to the elastic + modulus; (2) that 
; * this deformation depends upon the age of the concrete when loaded; (3) that . 


continues over a long period, reaching ultimately a “limiting” value; (4) that it 


a is dependent upon the cement used; (5) that it is dependent upon the strength © 
_ of the concrete mix; (6) that the degree of saturation with water has a marked a 
“effect i in decreasing ‘the “flow” of concrete that has been saturated with water; 

+ @% that the grading of the aggregate al also has a considerable influence; and — 
t a that computations should take account of changes i in the volume of concrete 


4a caused by varying degrees of saturation, which also affect the coefficient of 
expansion and contraction due to changes of temperature. 
: The “flow” of concrete made with rapid hardening, or alumina, cements (see 7 
item (4)) is less, than half that which occurs when normal portland cement | is b 


) The data in Table 18 : are given by Glanville a as an ‘illustration of the effect — 
on the modulus of elasticity due to varying the mix (item (5)),. the concrete 2 


; under. any § given load is greater 1 for conerete made with rapid hardening and — 


m 
being made te with normal portland cement loaded after twenty- -eight days and 
P kept in an atmosphere of uniform humidity. 108 The term “limiting” 


(item (3)) denotes the modulus attained when “flow” ceases. _ 


18"*Flow of Concrete Under Sustained Stresses,” b D. D i 


1% **Plastic Yield, Shrinkage and Other of Their Effect on Design,” by Oscar 
ouk aber, Proceedings, Inst. of Civ. Engrs., 1927-1928, Pt. I, pp. 27-130. 


Bp, —: 168 **The Creep or Flow of Concrete Under Load,” by W. H. Glanville, Building Research Technical 
q 106 Structural Engineer, 1933, p. 57. 
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. When it is complete, a on will be subject to variation in the oe of 
saturation of the concrete (item (8)); that is, the portion above water level may . 


become ¢ comparatively dry due to exposure on both faces to a hot sun, whereas 


submerged portion will be partly saturated. 
TABLE 18 EFFECT OF Mix PROPORTIONING | ON THE 


Units, Pounds Per Square Inch) 


i= Evrecrivs Moputvs Dvr To or Thew = 
Modulus of 

elasticity 


- Moreover, the age of the concrete where the stress cin to water level is 
imposed can scarcely be same throughout the entire structure. The 
effective modulus” for the lower part of a high dam probably will have nearly | 
a the “limiting value,” whereas the age of the highest part may be only 


a year by the time the reservoir is filled, and the “‘effective modulus” applicable 
the two cases may ‘differ by a considerable amount. 

a Inder “Stress Conditions,” Messrs. Houk and Keener refer to Poisson’ 3s 


Ratio effect, but Peigbctoccomge at the Building Research Station at W atford, 4 


a, little is known of the effect of varying degrees of saturation of concrete 
on changes of volume and their influence on the temperature coefficient, but 
Messrs. Houk and Keener, with their wide experience, will probably be able to 
some literature on the subject. 
el In making the foregoing g remarks, it has not been the writer’s intention to 
detract from the value of mathematical analysis, but to indicate that the 
- foundations on which the mathematical structure rests are not so fully, known 
as to justify too great a degree of refinement. 
_ Under assumption 12 (heading “Load Conditions’ ’), Messrs. Houk and 
oe express the opinion that th the silt contents 0 of flood waters usually may be 
neglected i in designing storage dams but may require > consideration for relatively 
low ones. _ _ This opinion is not shared by all engineers. At the meetings of the 
_ Grand Barrage Section of the World Power Conference held at Tokyo, Japan, 
y in 1929, no less an authority than the late Allen Hazen, M. Am. Soe. C. E, 
* contributed & paper | recommending that dams should be designed on the as- 


sumption | that water weighed 100 lb per cu ft to allow for the possibility 0 of 
hen the Silent Valley Reservoir for yr the water supply of the 
Belfast and District Water Commissioners in Eire, the problem of sinking a 
~ trench toa great, depth through ‘ ‘morainal” material saturated with water had 
; 3 to be faced; and, as m much of it consisted of quartz ground to a powder, it was 
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ON MASONRY DAMS 
apprehended that the pressure on on the e sides of the tren trench would be» very high, 7 


_ ‘calling for the adoption of special : methods to | give the nec necessary ssary support tothe 


sides of the trench. 


was ascertained by experience that this ground ‘material: 

behaved as a liquid weighing 100 lb per cu ft, and the use of timber had to be © 
7 _ abandoned and cast iron substituted.!°? In the case of low dams impounding 
a heavily silt- laden water, the writer would adopt a liquid pressure of 100 lb per 


assumption is necenenry for dams of any considerable height. ran 
4 Messrs. Houk and Keener ind indorse the conclusion that i it is seldom necessary 
to o apply : a straight- line } pressure distribution from reservoir head to emy 
level to more than two thirds the area of the bank when considering uplift: 
pressure. — ? It i is now usual to provide for drainage of the base of the dam close” 
a to the face, leakage water being discharged into galleries that may be only an .q 
little above tailwater level. It would appear that, if the drainage arrange-— 


f Po ments are adequate, the uplift pressure when foundations rest on non- ee 


tock would be smal, 


4 
a If the foundations of the dam penetrate rock to any considerable depth, _ 

-conerete becomes well | bonded to the rock, owing to the irregularities ir in the sides 
of the trench, and the effective w eight tending to resist “uplift”. pressure is _ 


ce 


only that of the dam itself but also th: that of the adjacent r rock. The writer has 


b _ sloped foundations toward the water face to increase security against sliding 7 

7 r, and so that the foundations at the water face may penetrate the rock to a 

sufficient depth to ) provide against possible ‘ “uplift” ’ pressure, the slopes adopted 
: _ Varying from 1 in 12, for good sound rock, to 1 in 5 in the case of greasy shale. . 


_ Preparation of | Foundations. —The paper by Messrs. Paul and Jacobs covers — 
| field than ‘might be gathered from the title and is full of instructive 
matter. _ Borings of small diameter which can be driven rapidly are of ‘great 
benefit i in to select the best site for the dam; but they 


‘drills appeared to enter rock at depths that did not exceed 65 ft. | Sova a 
contract was let on the assumption that there would be no great difficulty with 
‘Tegard to the foundations. _ The rock was overlaid by morainal material which 
consisted of very fine sand and silt, saturated with water, which were 
embedded large boulders left by the retreat of a glacier or ice sheet. It was 

these boulders that had been encountered, a and not solid rock. | The latter , 


i actually lay at a maximum depth ¢ of 196 ft from the Surface, or 180 ft below 7 
E., the level of saturation of the morainal material ¥ 7 ‘So numerous were the boulders 


as- that the contractor found it impracticable to drive piles to any depth. — 

ial Pad The site would have been abandoned if it had not meant the sacrifice of a 
rge sum of money which had been spent on before the 
the 

had 


107 **The Construction | of the Silent Valley Reservoir, 


Belfast Water Sup; aad Melldowie, 
Proceedings, Inst. of Civ. Engrs., Vol. 239, p. 498. pply, ui 


— 

; | _ Experience at Silent Valley Reservoir'” illustrates how one may be deceived. — 
nd 
be 
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Discussions 


which have described elsewhere. 107 de 
aa _ Thew writer r has: not used 1 large diameter borings for foundation n exploration, 
but fully indorses the views of Messrs. Paul and Jacobs ¥ with regard to their 
advantages. _ The best course of all is undoubtedly to remove the overburden, 
oor to excavate an exploratory trench if it is possible to delay letting the main 
- contract until such work is completed. | The writer agrees that abrupt changes _ 
in height above foundations are to be avoided, as cracks so frequently form at 
such points, and he has abandoned steps in favor of a sloping foundation. —_ 
_ Geological Problems of Dams. —The writer has read the paper by Mr. Crosby . 
with, great interest and considers it a masterly « exposition of the subject, which 


should be in the hands of all engineers concerned with dam construction. — | 


In England, geological conditions are generally unsuitable for the con- 
Benger of ‘Masonry dams. Clays, soluble limestone, and chalk cover a large 
area, and most reservoirs are formed a means of embankments 3 with a puddle . 


— Concrete Control.—Under the heading “‘Concrete Control: Cleanup, Curing, 
‘and Finishing,” Mr. Tyler states that surface v vibration of ‘the concrete 
7 7 be avoided bec. 
it accumulated water. “The writer believes in using as: little water 


~ practicable when mixing concrete, and has found that more water is ‘required 
for the successful operation of internal vibration than of surface vibration. o He 


has obtained excellent results by spreading the ‘ “green” concrete in layers not : 


only after 20 or 3 min nof vibration. “The tool that is used i is a pneumatic vibrator 
which has a mushroom-shaped head. Iti is not possible to use surface vibration 
in many instances, but a concrete dam affords ¢ an excellent opportunity. 
In the sentence preceding “Conclusion, ” Mr. Tyler refers to the deflection of 
a 265-ft gravity dam § in. . upstream, against a rise in water level of 150 ft, due 


seasonal effects. ~The writer has noticed similar deflections 


aes with ir increased water load i in a case where temperature could scarcely &g 
account for it—namely, the Gorge Dam completed i in 1936 for the e supply of | 


4 Hong Kong and Kowloon, Ching 
The dam is a composite structure with a maximum height of 275 ft sli: 
the stream bed, the water face being of concrete varying in thickness from 5 {t 
to 125 ft at stream-bed level, and the concrete portion is backed with hand- 


packed rock fill varying in thickness from 45 ft at 3 ft below | ‘top water level to © 


i" Instruments were 7 provided to measure the deflection from the vertical of 
the concrete portion « of the dam under different conditions of water load, one 
* being | placed 93 ft above stream- bed level, the other recording the deflection at 
the top of the dam with reference to the level at which the lower instrument 


— 


s, whereas the 
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revealed the following facts, which are difficult to explain. The lower portio® 

= sof the dam deflects toward the water as the reservoir level rise i 7 7 
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upper portion deflects in the opposite , direction, the extent of these ajncrange dl 

being as follows: In 1937 / the movement from the v vertical toward the water at 

93 ft above stream bed was 0.16 in. with an increase in 1 water level of 95 ft, 7 

‘and 0.14 in. with an increase in water level of 75 ft in 1939. _ There was a partial 


movements were small. ‘The deflection from the vertical in the opposite direc- 
tion at the top of the dam was more marked, amounting to 0.78 i in. in 1937 ll 


failure of f the m monsoon in 1938, the water level fluctuating irregularly, and _ 7 


- 7 in. in 1939 for the aforementioned increases in water level. _ Now if these ‘ 
protests were due to temperature changes, it is difficult to undentnad 1 why { 


- the deflection of the t upper and lower. portions of the dam should be i in opposite 


directions. 


Construction Joints.—Mr. Steele is to be eongretaiated « on the mass of 
— information contained in his paper. It was formerly the practice in 
England to make special provision for air slaking of any free lime i in the portland 


cement before u: use. 


and caused to fall through the air from any to story, being aerated until the 


rise of temperature in setting did not exceed 3° F in 60 min or: 2° in 15 min. 108 
Another method was adopted by the writer’s firm for the « construction of the | 
Alwen Dam, where the cement was placed in bins, provision being made 
blow air upward through | the cement. Perfor: ated pipes were laid on the floor _ 
of the bins for that purpose. It was specified that aeration should ‘ni | 


for three weeks and for a period of not less ss than eight hours each day. unl 
No provision was made for “transverse” joints in either dam, and the 
 Vyrnwy Dam was free from all but hair cracks; but two vertical cracks appeared 
in the Alwen Dam at the abrupt change « of section due to steps in the founda- _ 
tions. One of these cracks was difficult to detect and no percolation is 


_ but slight percolation takes place through the other. eas 
; ‘The practice of slaking the portland cement is not t now fo followed in England. : 


4 Instead, it is finely ground, and transverse joints have become desirable. — 

“Under “Joint Spacing,” Mr. Steele refers to the longitudinal joint in 

~ Assuan » Dam. | In 1928 the Egyptian Government appointed an International 

Technical Commission, consisting of the late Hugh L. Cooper, M. Am. Soc. 
7 C.E. (for the United States), H. E. Gruner, M. Am. Soe. C. E. (for | Switzer- 
land), and the writer (for Great Britain), to consider the feasibility | of i increasing 
the storage by raising the dam a second time, and, in consequence of the Com- 
-Inission’s Report, the dam was heightened by 9 m (29.5 ft). 
‘The original dam was faced with cyclopean granite e masonry, the ‘ ‘hearting” 7 
- consisting of stones that could be handled, o occupy ing 35 to 40% of the mass. 7 
The interstices were filled with 2:1 portland s sand-cement mortar at the water 


face and near - the foundations and 4:1 elsewhere, no transverse joints being 


ean to increase its width, the design of this work being entrusted to the 
late Sir Benjamin Baker, Hon. M. Am. Soc. C. E., who adopted the following — 


_, 18The Vyrnwy Works for the Water Supply of Liverpool,” by G. F. Deacon, Proceedings Inst. of 7 
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“procedure: A space of 30 in. was left between the old and the new work and, as 
this space was inclined to the e vertical, steel 1 rods 1} ‘in. in 1 diameter, spaced 1 m 
apart, were embedded in the old and penetrated the new work, the shuttering 
= being removed when the concrete had set. . After the new W work had been 
- completed, a period of two years was allowed to elapse so as to permit the 
equalization of temperature before the joint was filled with fine granite chips — 
_ and grouted. No transverse joints were provided i in the raised portion. 7 
= The first problem with which the Committee was confronted was to de- 
termine whether the old and new work had been so well pig together at 
‘the entire structure could be considered as homogeneous. The numerous — 
culverts which traversed the dam afforded the opportunity of internal i inspec- 7 
5 tion, and the junction between the grouted joint and the old and new work was 
cut. back in the roof, sides, and floor of every culvert so as to permit an inspec- — 
tion by  magnitying glass. The decision reached was that the dam could be 


sonsidered as homogeneous, justifying calculations on that assumption. It 


was considered, however, that it would be too sanguine to assume that the 
entire mass would homogeneous when the dam was heightened for the 
_ second time time, and hence the a additional ‘support is given by massive buttresses 


that can expand ‘and contract without | stressing the main structure. — Non- 

- eorrodible steel plates separate the buttresses from the body of the dam. 
Mr. Steele refers to the transverse joints that were provided when the dam 
was raised for the second time, and these are spaced 23° ft apart, this distance 
_ 4 being dictated by the ‘position. of the buttresses. He does not. appear ‘to favor 
5 metal stops to prevent percolation across the horizontal joints that occur be- 
- tween concrete which has already set and that which is superimposed ; and, no 
doubt, if the greatest care is taken in preparing the surface of the old) work in 
_ the manner that he describes, seepage should be avoided. | However, the wr iter 
has so frequently observed § seepage along these planes that ‘metal stops 1 were 


in the case of the Gorge Dam already referred to. 


An inclined and articulated reinforced-concrete diaphragm is provided 
_ the water r face, supported by buttresses spaced 12 ft 6 in. apart, projecting from - 
= main concrete structure, which is referred to as the “thrust block.” ” The 

_ diaphragm alone is relied on for watertightness and varies in thickness from 

3 ft at the top to a maximum of 6 ft at a depth of 172 ft below overflow level. 

; It is made of concrete containing 600 lb of cement per cu yd, in place. tis is 

divided into panels by vertical transverse joints, spaced 25 ft apart, formed of 

1 bent ¢ copper plates 0.1 in. . thick, immersed in a bitumen compound, the joints 

coinciding with the center of alternate te buttresses. The concrete was 3 placed 

in lifts of 20 ft, and | longitudinal | copper stops 0.1 in. thick , which | varied in 

_ width from 2 ft * 1 ft, according to the water pressure, were built i in at the top 
of each lift, ‘projecting either 1 ft or 6 in. into the lift above. Pe os 

it was found that the ‘maximum rise of temperature | above that of the 

. ‘atmosphere of the concrete was almost proportional to the quantity y of cement 
used per unit volume, and amounted to 53° F as an average for concrete =a 

taining 600 Ib of cement per cubic yard, in place, the average crushing strength 


**Protection of Downstream Rock Surface,” | by Sir Murdoch Macdonald, Proceedings, a Civ. 


» Vol. — 


| 
| 
| 
| 
| 
| 
| | 
| 
| 
| 
— 
| 


BINNIE ON MASONRY DAMS) 709 


f Considerable e economy was possible by re reducing the quantity of cement used 
for the thrust block to 300 Ib per cu yd, the crushing strength being 190 tons 


per sq ft and the maximum temperature rise being only 24°F above the 
— 


The is from the buttresses by means of | 


without imposing stress, Similar ar sheeting was used to form the joint 
between adjacent panels and is interposed below the panels. to separate them 

space between the buttresses and behind the diaphragm commurieates 

- with galleries in the thrust block so that inspections can be made to ascertain 

whether leakage is taking place. It is gratifying to be able to record that only _ 
an occasional drip can be heard, which in all probability is due to condensation 


ofthe moist atmosphere. 


_ In the case of the Gorge Dam the stresses due to water pressure are taken 
- ‘tly by the thrust block and partly by the rock fill. This composite structure 
was adopted partly because of the cheapness of Chinese labor and the ae 
mediate proximity of the granite quarries, which made possible the placing of 
hand- packed rock fill at a remarkably seed figure. _ However, concrete Danmar] 


= 


up ina straight gravity dam of conservative design. sien 
- The writer would recommend the adoption of | an articulated watertight 

7 diaphragm of a high-grade concrete, transmitting 1 the thrust to the main dam, 
as considerable economy would be ‘secured by adopting a a concrete mix of lower 
grade for the latter, and all difficulties with regard to contraction or temperature 


cracks which permit p per ercolation would be avoided. 
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RECOMMENDED PRACTICE 
7 STANDARD | SPECIFICATIONS FOR 
8 CONCRETE AND REINFORCED CONCRETE 
By Messrs. JOHN C. SPRAGUE, AND WALTER R. 


JOHN Cc. Spracun, 32 M. Am. Soc. C. E. (by letter).® 32 connection 


Drawing on information m various sources, ter total water 


_ fora 1-in. maximum-size aggregate, the data in Table 9 were compiled. Item1 


‘TABLE | 9.—Compartson or Toran Mrxina Ww. ATER IN GALLONS Require 
PER | Cusic or NaTURAL SaND AND GRAVEL CoNncRETE 


Stanton Walker.. 
W M. Dunagan staves (33.5 to 36.5 
Bureau _of Reclamation 


is from data ‘published by Stanton Walker, ° 

item 2 the 33. item is for a a and ‘he 36. 5. gal it item 
te a flat gravel.” * A typical commercial gravel would be between these two 

extremes. The values for the Bureau of Reclamation (item 3, Table 9) and 


unpublished tests by the writer (item 4) | are significant i in comparison. The 


ae: “se ‘Nore. —This Report was published in June, 1940, Proceedings, Part 2._ Discussion on this Report 
# _ has appeared in Proceedings, as follows: perme, 1940, by L. J. Mensch, M. Am. 1. Soc. C. E. 


a 82 Development Engr., Dravo Corp., Key: stone Sand Pa. 


Received by the Secretary October 3, 1940. 
_38**How to Design Concrete Mixtures,” by Stanton Ww alker, , Proceedings, Am. Concrete Inst., Vol. al 
ee _ 4% The Application of Some of the Newer Concepts to the Design of Concrete Mixes,” by W- M. 
-Dunagan, Journa’, Am. Concrete Inst., June, 1940. 
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value shown i in item 5 is for a 3-in. maximum-s size* gravel, which is sufficiently 


to the 1-in. size for practical purposes. 


That the consistency of concrete mixes Temains constant, regardless of 


Water-| Water- Srrenots,/ 1n Lp 
cement] ment ixi cement PER Sq IN. 
i ratio* 
| 

eeee a 
2,862 | 4,023 | 4,408 


| 9 


Natural sand gravel. . 
Blended cand? 


_ @Fine aggregate. % Water-cement ratio for a mortar flow of 100%. ¢ Cement factor for concrete 
with a water-cement ratio of 0.90 and a 2.5-in.slump. 4 In gallons per cubic yard of concrete, for a slump 
7 of 2.5 in. and a remolding effort of 20 drops. * Water-cement ratio required in concrete for a slump of 2.5 
in. and a cement factor of 1.3. / Compressive strength of concrete for a cement factor of 1.33, a 3.5-in. 

—_ and the given water-cement ratio. 9 Blend of 80% n natural sar sand and d 20% « crushed ‘limestone sand. 


"requirements developed by the various sources shows very close agreement in 


allcases. Of course, some differences in grading are certain, although it is = 
believed that these differences will cause any appreciable fluctuation in water 


requirement as long as as the ingredients are properly proportioned (see’ Table 10). 
One would naturally use a lower percentage of fine than of coarse sand in a 
balanced concrete mixture, with the net result that the fineness modulus of the 


combined aggregate would be substantially the same in all cases for a given 


= 

- maximum size of aggregate. F In Table 10, all mortar is made of sand passing © 
No. 4sieve, and the maximumsizeof 


all co arse aggregate in the concrete js TABLE il —Water -Requirep For 


n., the fineness modulus being 7.86. Varrous INGREDIENTS 
Seamed is used as coarse aggregate 


except as indicated i in the first line. st 


_ Assume a a hypothetical mix, by dry in inches |———7__,_1 


loose volume, of 1: 2.25: 4, involving 
quantities es of 94 Ib of cement, 200 Ib of Bto4 
dry sand, and 396 Ib of dry, 1-in. gravel. 

Next, assume the } percentages of water 


by weight required by each of the i in- 


On the strength of these assumptions and by "using arbitrary specific gravities, 


%**Compressive Strength of Concrete in Flexure as Determined from Tests of Reinforced Beams,” 


by the late W. A. Slater and Inge Lyse, Members, Am. Soc. C. E., Proceedings, Am. Concrete Inst., Vol. 26, 


| = 
1711 
volume of concrete remains constant, Is a reasonable assumption; this rule 18 

[known generally as the Slater-Lyse Rule. A comparison between the water me 
TABLE 10.—Comparison or WaTER REQUIREMENTS AND OTHER Factors 
FOR DIFFERENT Types OF FINE AGGREGATES 

| wine | cent- 

Material _| pass- 

(333 | 13 
- 
. 
— 
7 
is Gal per 
cuyd 
390 
‘he 8260 
35.3 
port | 
1.3 
4 
4 — 
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of concrete for the 1-in. to 2-in. slump, ranging to approximately 5.45 sacks per 
cu yd for the 7-in. to 8-in. slump, and that the water-cement ratio ranges from — 

~ about 54 gal per sack « of cement for the 1-in. to 2-in. . slump to about 63 gal per 

4 sack for the 7 7-in. to ) 8-in. slump. _ TI he net result of such a computation would 
be to 0 produce the quantities of total m mixing x water shown in the last column 
of 

— these water quantities are e compared, for the different slumps, with hen ; 

7 in Table 9, 9, it is noted that the former quantities are considerably lower. 


Oy volume route that the coment requirement i is approximately 5. 6 sacks p per cu y d 


- Therefore, it can be assumed that these ¢ quantities are too low in the light of the 
results shown in Table 9, which are in close accord and are the result of several | 
AS the result of a number of tests with both natural and crushed aggregates, 
the writer*’ has found that there is a is a saving of 15% » to 20% in cement content 
for 2-in. aggregate concrete as compared with 1-in. sain concrete, an and that 

_ the total water requirement for the mixture is at least 15% less in the case of 
the larger aggregate. ' ‘Table 10 shows the total water requirement, and 0 other 

~ data, for 2-in. aggregate concrete for different 1 types of fine aggregate. sit will 
be noted that there is little difference in water and cement requirements for 

- different finenesses of a given sand, although there are significant | differences: 

between different types of sand. 

Iti is the opinion of the writer that Alternate A, paragraph 304, Chapter III, 

is ; definitely a step in the right direction. It is believed that the time will come 
when the contractor will be told what quality ¢ concrete is required, : and it will ‘ 
_ be left to him to determine just how to achieve the » desired ends, the /Tesponsi- 
‘ bility for performance resting with him. 7 If, as is required in many current 

specifications, the water-cement ratio, cement factor, and minimum strength 


are spe specified simultaneously, , there i is naly always room for conflicting inter- 

pretations and misunderstandin ngs. here does the eventual quality of the 

~ concrete come ‘in? Certainly, it is not necessarily a function of the strength of 
the concrete. . Rather, it is a function of the initial quality of the ingredients; 

- the water-cement ratio which controls the strength, , durability, soundness, and 
other desirable qualities in concrete, assuming initially suitable ingredients; 

other factors to the e type an and location of the ‘structure. 


Waurer R. Hyor,* Jun. Am. Soc. C. E. (by letter).**—The building code 

of the American Concrete Institute, dated February 25, 1936, reads as follows” 

“All bars in footing slabs, except the longitudinal seledeseument between ane 
*' continuous slab footings, shall be anchored by means of standard hooks.” 

me. The new specifications of the Joint Comm ittee do not mention the need of 

/— hooks. Does this mean wel hooks in footings are no longer required unless 

needed by bond conditions? writer would be interested to know exactly. 


- _ what the Committee had in mind regarding the general question of hooks. _ 


‘= _ 87 Proceedings, Am. Concrete Inst., Vol. 35, 1939, Table 4, p. 587. “a 


38 Structural Designer, Standard Oil Development Elizabeth, 


8 Received by the Secretary Octobér 14, 1940. soa 
Building Code, ACI 501-36T, February 25, 1936. 6. 
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T THEORY OF ELASTIC STABILITY APPLIED 


STRUCTURAL DESIGN 


BY Louis BALOG, Esq. 


Lours 5 Eso. lette r). 5a__ —For the solution of the stability 
e quation (Eq. 1), the knowledge of the stability coefficient ka and the variation 1 


of the modulus of elasticity r expressed by the modulus factor € are necessary. 
“Stability coefficient k is a function of the dimensions, boundary, and 


an 


material ec constants E ‘ake m. m The determination of the k-values for the — 


I, 


| 


7 


1e 
ca are given. ot 2 | gives the reduction of the k-values of pure bending 
by the simultaneous a¢ action of shear, 
A frequently occurring g design case is that involving bending, a axial stress, 
and nd shear. — For r the most economical design, the distribution of the material 
> in 1 sections composed of shapes's should be such that bending and axial stremes 
} produce stresses equal: and of the opposite sign in the extreme fibers of the © 
sections. _ This assures that the flange areas are minimum and the allowable 
‘|: web slenderness i is maximum. | The k-values for | pure e bending, which are the 
largest and which will be reduced the least by shear, apply for the web design. 
is not always practicable, however, to satisfy the criteria of the 
economical design. Constant sections and rolled 


smaller than for p pure k to shear will be 
: = | that given in Table 2 a ‘The authors’ diagrams for the allowable slender- _ 


is _ Nore.—This paper by Leon S. Moisseiff and Frederick Lienhard, Members, Am. Soc. C. E., was 
Published i in January, 1940, Proceedings§ == = 
4 Engr. with Leon 8S. Moisseiff, Cons. Engr., York, Y. 


Received by Secretary October 8, 1940. 
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— 
— 
solved without a knowledge of the characteristics of the plate material 
For simply supported r ngular ject irect stresses along 
#F ply ted rectangular plates subject to direct stresses al 7 ' . 
at __the depth of the plate, Eq. 3 gives the approximate minimum values of coeffi- = 

— 

4 

° 

— 

— 

tly 


The slenderness- ratio diagrams are based on the minimum value of k for 
- pure bending in simply supported plates, with the corresponding shear reduc 
|e dem the dmc to- percep of the plate is smaller than the B-ratio to 
Int stress- distribution 


k due to the simultaneous of increases. Safety, 
uniformity of the safety factors of the parts of the structure, re, and economical ; 
considerations require that the allowable plate slenderness shall be determined 
with due consideration of the width-to- depth ratio 6 and the actual stress 
distribution wherever these are significantly different from those on which the 7 
allowable slenderness ratio diagrams were based. 
In structures, the support condition of the plates is seldom clearly defined. , | 
_ Deviations fre from the true plane plate surface may more than offset the ady an- 
‘ tages of restraint. ¥ ‘It is prudent, therefore, to use, for ‘most structural ‘plates, 


imple 


close approximations for the he og coefficient k, ar are of interest only i in 1 pra ac- 
tical design. Such equations for the -stress-var from uniform 


distribution, and pure pure are by: = 0; and 


— 
1, renpestively. is noted that — = 1—a , with a defined by Eq. 2. 


‘The k-values for the case of 2 or a = 0 (uniform form compression) can 


be e obtained from the e simple eq equation, : 


B + 


= 1 (triangular stress 


When B > 1, the | coefficient of k; = 7.64. 7 For the stress variation range 


iia = =1 (uniform compression) and — = 0 (triangular stress distribu- 


.. 


a 


— 

— 

| | | 
— 

- Let o; be the compressive stress at the toe o ae 
the com preeaive oF t the toe of the bottom flange angle, and the 
— the compressive or tensile stress at tl t 
| the depth of the p then s 
sa ratio 2? will express linear stress variation in the depth of he plate, Then , 
| 
= 

| 

For the case in which = 0o 
| 
a | 
— 
— 

= 
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2 (pure bending, when b= 


WwW hon 6 > 0: 67, the oefficient 
between 0 (triangular : stress distribution) and — = — 1 
‘the German Railroads specify” 
(142) 105: (14 80) 


or, if the stress variation is expressed by a, 7 


k= = (2 — a) ky — (1 — a) + 20 — 30 + 10.a2........ (466) 

“The k-values obtained by means of the foregoing simple equations ‘will 
jase whether or not the slenderness ratio diagrams of the authors can be 
used i in design cases different from pure bending. The coefficients apply when | 
the direct stresses are not accompanied by shear. Shearing stresses reduce the - 


stability « of the plate submitted to direct stresses. This reduction is the small- 


Le 


est for pure bending and the largest for uniform. compression. 
_— It is of practical importance, for design purposes, to establish a a sufficiently 
accurate and simple functional relation between the interdependent critical 
- stress combinations o, ¢ and To Such relations can be derived from the follow- — 


ing 1g considerations: If one of the stresses in the combination is large the ¢ other | 


must be small. If the plate is subject only to direct stresses, Ter = = Oe}; 8 and, if only | 


‘shearing stresses act, Tor = Te The ratios and may have any valu 
- between zero and one. | This. can be ae by a general equation on of the 


against curves are obtained both ‘coordinate 


ax es at unity. For pure pure bending and shear, the curve should be perpendicular , 


at, and symmetri ical about, both axes | because the reversal of the sign of either 
4 my or shear does not change the character of the stress condition of the 


t and symmetrical about the —~axis. This curve, however, cannot be sym- 


““Berechnungsgrundlagen fir stahlerne Eisenbahnbrick 


the stress condition; | hence, the curve should be perpendicular 


BALOG ON ELASTIC STABILITY — 
For — = — lor 
_k = 15.870 + 
| — 
4 
> — 
a 
— 
7 
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| 


metrical about, nor can it have a rectangular intersection with, the 


because reversal of the sign of the direct stresses changes the stress condition — 
of the plate. T These considerations Ss suggest, f for the eo of 


t num- 


The of tests 
and the ‘Tesults of the theoretical investigations for combined uniform com. 
pression and shear, made by Southwell and Skan (7)," + Wagner (11), Schmieden 

(34), Wansleben n (35), Chwalla (40), and Iguchi (51), 2 are all covered sufficiently 
well for design purposes by the general empirical relation Eq. 48, if the value |~ 
of nis properly selected. . The va value of exponent is a function of BR. i Ee 


For simply supported rectangular ‘plates under the action of uniform com- 
pression and shear, =2 best approximation the betw een 


dno the perventage of k available for direct stress is 


-Interpolating ! between the values « of ka obtained from Eq. 50 and the v alues 


given in Table 2, , safe values for ka will be obtained for the direct-stress varia 

; “tion range between uniform compression and pure bending. These values are 

given in Table 12, which shows that the reduction ka increase 
considerably as compression extends over the larger part of the section. a a4 
«It is interesting to note that the reduction of bending stresses is similar to 

a. a the reduction of pure axial tension stresses by the simultaneous action of sl shear. ar. 

f Tests made by E. A. Davis® determine the tension and torsion (shear) s stress Be 


Cc 


— a the stresses when they w were applied separately. . Plotting from these al 
the ratios — ° against <a curve similar to the curve for ka represented by 


Table 2 will be obtained. The approximate power relation, Eq. 48, for both % 


__ 8“Some New Experiments on Buckling of Thin-Wall Construction,” by F. J. Bridget, C. Cc. ume 
B. Vosseller, Transactions, A. S. M. E., Vol. 56, 1934, pp. 569-578. 


Numerals in parentheses, thus (7), to in the Bibliography y in the : 
of 


“Combined Tension-Torsion Tests on a 0. 35 Per Cent Steel,” ” by E. A. Davis, Transaction 


| 
— 
. 
— 
Boe. i The combined axial compression and torsion tests made with a grea Pe 
— 
— 
— 
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EG. 51 or the values i in Table 2 2 can be used for ka i in tl n the stress-variation L 
“range between pur pure bending and uniform tension with a combination of shear. 

_ With the knowledge of the k-values | and the plate material constants E and 7 : 

: > ~~ m, the s critical buckling stresses: can be determined as long as they are smaller 


12.—ReEpvucTIon OF k (Eqs. 42 To 46) Dur TO SIMULTANEOUS 
ActION ¢ oF SHEAR 


| VALUE OF ka FOR THE Ratios — Equa. ‘TO: 


| 0.990 0.910 | 0.840 | 0.750 | 0.640 | 0.510 0.000 
—_ ais 0.990 | 0.961 | 0.912 | 0.843 | 0.755 | 0.646 | 0.518 0.000 
&§ 08 | 0.990 | 0.961 | 0.913 | 0.846 | 0.759 | 0.652 | 0.526 0.000 
—_— or 0.990 | 0.962 | 0.915 | 0.849 | 0.764 | 0.658 | 0.534 0.000 
0.6 | 0.990 | 0.962 | 0.916 | 0.852 | 0.768 | 0.664 | 0.542 0.000 

= F 0.5 | 0.990 0.963 | 0.918 | 0.855 | 0.773 | 0.670 | 0.550 0.000 
. 0.4 | 0.990 | 0.963 | 0.919 | 0.858 | 0.777 | 0.676 | 0.558 0.000 
z 0.3 | 0.990 0.964 | 0.921 | 0.861 | 0.782 | 0.682 | 0.566 0.000 

: 0.2 | 0.990 | 0.964 | 0.922 | 0. $64 0.786 | 0.688 | 0.574 0.000 
0.990 | 0.965 | 0.924 | 0.867 | 0.791 | 0.694 | 0.582 0.000 
- & 0.0 | 0.990 | 0.965 | 0.925 | 0.870 | 0.795 | 0.700 | 0.590 0.000 
. | --0.1 =| 0.990 | 0.966 | 0.927 | 0.873 | 0.800 | 0.706 | 0.598 0.000 
| 0.990 | 0.966 | 0.928 | 0.876 | 0.804 | 0.712 | 0.606 0.000 
=0.3 | 0.990 | 0.967 | 0.930 | 0.879 | 0.809 | 0.718 | 0.614 0.000 
| 0.990 | 0.967 | 0.931. 0.813 | 0.724 | 0.622 | 0.000 

05 | 0.990 | 0.968 | 0.933 | 0885 | 0.818 | 0.730 | 0.630 0.000 
0.6 =| 0.990 | 0.968 | 0.934 | 0.888 | 0.822 | 0.736 | 0.638 0.000 
| 0.990 | 0.969 | 0.936 0.827 | 0.742 | 0.646 0.000 
-0.8 | 0.990 | 0.969 | 0.937 | 0.894 | 0.831 | 0.748 | 0.654 ~ 0.000 

4 —-0.9 | 0.990 | 0.970 | 0.939 | 0.897 | 0.836 | 0.754 | 0.662 0.000 
1.0 | 0.990 | 0.970 | 0.940 | 0.900 | 0.840 | 0.760 | 0.670 0.000 


4 than the e proportional limit of the plate material. - For higher critical stresses, 
é BS the: variation of the modulus of elasticity as expressed by the {-values must be 

a . Ee The critical stresses in structural design, as a rule, are higher than 
F gg the proportional limit, and the {-values assume similar importance to buckling 


| kinthe design of plates. 


‘The k values are obtained by analytical methods; the ¢-values can be 


se 

determined only empirically. In Table 3 the authors give values for struc- 
to tral carbon and silicon steel, and for aluminum alloy. These f-values were 
derived from curves the critical of tested columns. 
ess 7 The m multiplier e = — of the Euler strength ¢ of columns establishes a func- 


tional relation = between the critical stress and elasticity 
The integral curve of this function | | represents the compressive stress-strain 7 
relation, Cer = f(y). ‘This ‘stress-strain relation is materially different from 

compression stress-strain relation, f(A), which | the defor- 
mation of a compression-test specimen with increasing stress. The stress 
strain curves of steels and aluminum, oo = = f(A), a as determined by Erich Siebel | 
and Anton Pomp” a are e higher than the tension stress-strain curves, 0; = f(A), 
whereas the curves, o. Cor = =f (u), representing the relation of the buckling | strains 
to the critical stress of column specimens of of various lengths, are always below 


‘Die Ermittlung der Forminderungsfestigkeit von Metallen durch den Stauchversuch,” by Erich 


Siebel and Anton Pomp, Mitteilungen aus dem K r-Wilhel ilhelm-. - 
‘een, lunge em Kaiser ithelm -Institut fir Eisenforschung, Vol. 9, Stahl. 
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Bre Column strength depends on the magnitude of — that accompanies 

compression. the column approaches failure, the « compressive strains 
4 change to tensile strains i in one part of the section. — At failure, the latter strain 

attains greater extreme value than the strain at the extreme « compression fiber. 

The resulting strain, characteristic for the strain condition at buckling, is. 
“represented by the relation Cer = f(u). The. effect of, the tensile strains on 

this relation suggested to the writer a connection between the tension } stress- 

strain and the relations = f(u) of various metals. If the relation between 
the tension stress-strain curve and the curve of a metal, oc, - = f(x), is known, 


the latter curve of of another metal can be derived from its tension stress-strain 


dingram, 


Tension Stress Seales 
= = 90 100 


3637 40a 


@, Kips per Sq 


Oa Aluminum Alloy 2 


- 


iS) 


30° 40 5S 70 90 00116 120 


- 10.—e=f(c;) AND €=S(er) | Curnv ES 


atress ranges between the proportional limit and the yield stress influence the 
of the stress- strain ¢ curves —hence the shapes of the curve of 
between the elasticity 
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modulus variation in tension and compression, a representation must be found 
that is suitable for the comparison of the variations. — sais a 
ie a rule, the width of the stress range between the proportional limit and “4 
yield stress is different for tension and compression and varies widely for 
various metals. If these different stress. ranges, between the proportional limit _ 
and yield stress, are represented - for various metals by the same length, a 
suitable scale is found for the comparison . of the variation of the elasticity 


be moduli. In this representation each metal has its own stress scales along the 
a abocien axis of the coordinate system (see Fig. 10). The ordinates represent 
4 the ratio between the varying and constant values of the elasticity. moduli. 
The scale of the ordinates is the same for all metals, “7 
In this representation the differential curves = f (Ger) of the typical ten- 
: sion stress-strain diagrams of the three metals investigated by the authors are 


‘nearly y identical except for the vicinity y of the y yield stress. — The curves of these 


ss | metals, € = f(aer), plotted from Table 3 are flatter, more e apart, ar and d follow the 
general trend of the tension modulus variation curves. 


— Fig. 10 indicates that the shape of the curves is independent of the the constant 


form a loop. 


the garnet as eg produet of the ratios of yield stress and width of he 
-yield range of carbon n steel and the width of the yield ra range and yield stress. of 
the other metals, 


From this relation the ¢ elasticity modulus variation €= f(Ger) can be 


limit of the stress- strain relation | is For 1 metals with long 
yield range and low proportional limit, this can be taken as equal to the pro- -_ 
‘portional limit in 1 tension, or it can be lowered arbitrarily to obtain about 

20% wider yield ra range for compression. The modulus variation = = 

will then be obtained by the of the values €= 
in factor is 


ep rhich Tyc = yield stress of carbon steel; Cyr = - stress range between the 


pr oportional limit i in compression and yield stress of carbon steel; cyz = yield © 
= stress range limit 


the shaded | area between curves A, Fig. 10. 


reduction factor yr for silicon steel is 25.12 = 1.21 Re- 
ducing the = = f(o:)-curve B (Fig. 10) by 1.21 7, the = f(ocr)-curve B is 
obtained. T his curve: is practically identical with the curve representing the 
¢€-values g given by the authors for silicon steel in Table3, — 
In a similar for the aluminum n 


4 


j 
4 
values the elasticity Moaull aha that the tension ahd the Moaulus Variation 
curves of each metal, depth of these loops widens 
_ _with the increase of the yield stress and the breadth of the range between the — 
> 
4 1 — 
4 
— 
— 
4 
he 
of 
curve C representing simila thors in Table 3. = 
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4 ‘uted of the tests made by Howard W . Barlow, Henry S. Stillwell, 
and Ho-Shen Lu" with stainless steel columns gave the = f(ce,)-values indi- 
cated by the five plotted rune in n Fig. 10. _ The metal used i in n these tests had : 
| 


compression. The yield stress was 130 "kips per sq in. The v writer reduced 


€= curve D (Fig. 10) by by ¥ 730 x 16.61 X 1661 2. 0 and obtained 


the € = f(oer)- curve D. , The need trend of this curve agrees with the test 


results, and the differences are about 5%. 

Eq. 52, reduction factor is based on carbon steel. This factor, of 

course, can be based on ‘any other steel for which the relations = = and 

= f(¢cr) are known. The writer does not claim that reduction factor 

applies rigorously i in every case. “More extensive studies are to refine 


the expression for the reduction factor. 
The significance of obtaining e= f(oer) from { the tension is that to 
wane extensive column testing programs for each metal of different pro- 
portional limit and yield strength is not practical. ‘Tests indicating the stress- 


strain relation i in tension, on the other hand, | are simple, inexpensive, , and ot 


metals than any other. In testing fc for buckling there are endless factors that 
influence the test results. The compression member in the structure i is mostly 
in . an entirely different stress condition than the test specimen. Imperfections 


in the fabrication and erection, the moments at the ends, and along the member | 


contribute more to the uncertainties of the factor of safety than deviations in 
the ev -values. The design for buckling can be based on the reduced tension- 
stress-strain diagram, 
authors propose 0.5 + ve) as the modulus factor for plates for 
all stress conditions. Although this is a practical generalization, it should be 
kept in mind that the modulus variation is different for homogeneous stress 
conditions, like uniform compression, and nonhomogeneous stress conditions, 
like bending. For stiffened plates, the modulus variation changes not only 
_ with the stress condition but also with the make-up of the plate - Poisson's 
- ratio i is 0.3 for the elastic part and 0.5 for the plastic part of the deformations. 
It appears that only tests can show the stiffness variation of plates of mor 
a complicated arrangement under the various stress conditions. | Such research 
is available for types not used in bridge and building construction. ‘The 
authors’ proposal meets the requirements of structural design safely. 


By deriving simple and practical rules for safe and economical design 


t the most complex s structures, the authors have made an outstanding co contribu: 


4 tion to. promote progress in in structural design. ‘The writer has attempted to 


suggest a way to remove obstacles to a general us use of the material 


11 ‘‘Strength Investigations of Thin Stainless-Steel Sections,’’ by Howard W. Barlow, Henry Stil 
well, , and Ho-Shen Lu; presented at the 1940 Annual Meeting of the Institute of of the / Aeronautical Science 
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DISCUSSIONS 


PERMISSIBLE COMPOSITION 1 AND ‘CONCENTRA- 
F IRRIGATION “WATER 


Discussion 


LEON D. BATCHELOR, 10 Esa. (by letter)!™. —There has been confused 
a thinking on the subject of permissible composition of irrigation water, which 
could be materially clarified by a careful consideration of | of this article. The 
author i is to be commended for his summarization of his own research and that 


of others on this important subject. 


- the a of the native salts in the soil and subsoil, prior to irrigation, in causing 
. subsequent injury to crops. The n movement of such salts to the root zone of 


crops, by capillary rise of the soil moisture from. a perched ¥ water table, i is recog- 
Ssueah by Professor Kelley, as it often has been by var arious students of this sub- 
ject . Unfortunately, precise data relative to the native salt content of the soil — 


ke not exist i in most irrigated sections. _ A notable exception to this is the Im- 
perial Valley, in California, in which a survey was ; made prior to any irrigation, 
and salt determinations were made of the surface soil, lower root zone depths, 


and, in two cases, the deep subsoil toa depth of 22 ft i The results s of this i in- 


‘that the salt and drainage problem. was to be a serious consideration i in —- 


Imperial Valley. . Tests of rate of percolation | on various soil types were : i 
reported in. this bulletin. _ These tests, together with the salt determinations 


- which showed enormous ‘amounts of native salt in the ‘subsoil, implied, in ad- 
th 
_ vance, ‘much of the — which actually has been | encountered i in this area. 


soil on the other hand in bringing about a salt problem in the area. — Unfor- 


Norr.—This paper by W. P. Kelley, Esq., was published in April, 1940, Proceedings. Discussion = 
this paper has appeared in Proceedings, as follows: September, 1940, by Messrs. Carl 8. Scofield, oe alter bail 
Weir,and Robert 8. Stockton. ©. 


- 10 Director, Univ. of California Citrus Experiment Station, Riverside, Calif. _ 

‘1 Discussion by E. W. Hilgard and G. W. Shaw of ‘‘Lands of the Colorado Delta in the Salton Ba 

by F. Snow, Bulletin No. 140, Univ. of California, 1902. 
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BATCHELOR ON COMPOSITION OF IRRI Discussions — 


7 tunately, such fundamental preliminary data concerning irrigated areas are not 


tT 


- In the explanation of the effect of ordinary irrigation i in leaching the s salts. 
below the root zone of plants, the sound procedure, in general, is em iphasized — 


™ the more re saline the water is oe more water should be applied i in order r that 


‘that this could be overdone beyond the oad of accomplishing the desired end of 
avoiding the accumulation of salt in \ the root z zone. --First, it seems doubtful to 


‘ “soil of the root zone. _ The > opinion is held that in the vast majority 0 of instances, 
* the case of annual « crops and shallow- rooted tree crops, the ‘casual irrigation 
= a notable amount of leaching. As pointed out by data prepared by the 
‘author, the rains are an important fester i in leaching the salts out of irrigated 
Mand If leaching is promoted by the use of extra irrigation water in addition 
to normal rainfall, it should be done only when precise data show its need. 
_ Otherwise, an unnecessary loss of nitrates from the soil may be the result of an 


— | 
4 
the writer whether irrigation water 1s ordinarily applied to most Crops 1n 
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GORDON Assoc. Am. Soc. C. E. (by | letter). 
Co ommittee’ 8 CO) condemnation of the method of computing average annual flood 
‘damage by use use of stage- damage and flood-frequency curves should not | go 
undisputed. . The method admittedly has its limitations; but it is at least a 
~ logical approach to the problem of determining the economic justification of 
flood: -control projects, | and when modified by the dictates of good judgment 
"and experience should ¢ give re the best results obtainable with the data available. 
_ The Committee’s suggestions for an alternate procedure are indefinite. — 
Pa 
. Apparently, it is suggested that the present damage which would result from. 
tom floods should be added and the total divided by the record of experience 
_ to obtain the annual damage. — With a very long flood record such a procedure 
should give results not greatly different from those obtained by the use of a 
_ frequency ¢ curve. However, floods and corresponding damages tend to come - 
in irregular cycles and, if the foregoing method is used with a short record of | 
experience, a distorted | result may “be e obtained. Methods of overcoming the 


limitations of short records through use of modified frequency curves are dis- 
herein. To examine an extreme case, assume that the damages that 


Trivers are added up and divided b by five. The indicated average damage will 


be large; but will it be indicative of the average damage in the next twenty-_ 
=z or fifty years, a period in which the flood protection must pay for — 7 
Economic justification i is determined by comparing the average annual charge 
_ in the amortization period against 1 the portion of the expected average porn 
damage prevented i in that period. latter can be determined only by 
best possible analysis of the damages to be expected per flood and the cee 


chance of occurrence of the floods, 


-_ Norg.—This Progress Report of the Committee on Flood-Protection Data was published in April, | 
1940, Proceedings. Discussion on this Report has appeared in Proceedings, as follows: June, 1940, by Waldo | 
E. Smith, M. Am. Soe. C. E.; and September, 1940, by O. J. Todd, M. Am. Soc. C. E. 


« 
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WILLIAMS ON FLOOD PROTECTION DATA Discussions 


7 Consider i in outline some of the steps necessary in computing average an- 
-— damage, taking first the stage- damage curve. — “Such a curve has somewhat 
limited use in evaluating agricultural damage; are it may be modified to take 
7" care of special conditions and may be used with seasonal flood-frequency curves: 
to compute: expected annual damages. Stage- damage curves are distinctly 
useful in evaluating urban damage if derived ina painstaking and rica 
manner. The first step is to take a census of then number and classes of struc- 
tures to be inundated at ; each stage. | , By detailed ‘study of a representative 


‘number of buildings, the a average damage likely to oceur in 2 each class of str uc- 


ment damage, ‘first- floor. damage, and second-floor for. dwellings : 
various classes can be determined. Industrial plants and utilities must be | 
as individual problems. Allowance must be made for time of flood 
: warning g and the possibility that goods and machinery m may be moved above the 
damage line. tt should be kept i in mind that the  stage- -damage ¢ is to be 


‘damages s should be used pare as a guide in evaluating postin eon damage. 7 
If bridges, highways, and industries have been moved to higher elevations, they 
are no longer subject to future damage at the same elevation as before. En- 
- hancement of property values, largely due to flood protection, should id be e treated | 
"separately y and should not be confused with damages prevented, 
in To determine average annual damage from a stage-damage curv curve, Ww hich 
- gives the damage ; per flood, a , damage-frequency cu curve is constructed by plotting 
_ the damage per flood against its expected chance of occurrence in | any year, or 
season in the case of agricultural damage. The area v under the damage- fre- 
"quency curve represents the the average annual damage. In plotting t the e curve ~ 


- for either stages or discharges. If channel conditions have not changed over 
- the period of record, as far as the high- water control is concerned, it is advisable 
_ to use > only the s stage- -frequency curve because: (1) The stage must be deter- 
mined for use with the damage curve; (2) the use of bye x" in the frequency ‘4 
curve eliminates errors inherent in the determinations of high-water, stage- 
discharge curves; ; and (3) damage ste stages caused by ice jams are taken into fi 
_ Many will argue that the method is i invalidated because the e frequency curve 
is not reliable. On small rivers with short records of stream flow, frequency 
curves are not dependable; but on large rivers where most important damage 
centers are located, frequency curves are reasonably accurate within the limits 
a toa ‘damage study. There are often continuous records of thirty 
_ to fifty years, which, when combined with historical data extending back one 
hundred years ot or more, give good results. if the record at the damage center 
is short, it may be modified by comparing it with generalized frequency « curves 
constructed from long records at other places. In this connection it should be 


borne in mind that to justify flood control at a damage center there must be | ] 


frequent if not excessive flood damage. In other words, it is not as necessary 
0 determine the 500-yr flood damage accurately as it is to | determine the 5- ft 
4 50-yr | damage. — The portion of the annual damage for justified pee 
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fraction of tho total annual damage periodicity of frequent flood 
a stages s and damages, which are the critical ones in determining justification, 
can be determined with a reasonable degree of accuracy at most damage centers 


on important rivers, 
A relatively years ago statistical were thought to be the 


They have n now dis- 


a 
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- eredited as a method of determining the magnitudes of rare or largest probable 7 a 
* . floods; but such methods have their place in the economic side, if not in the — 
purely hydrologic side, of flood problems. — 
bd 
to 


